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Preface to "Advanced DC-DC Power Converters and
Switching Converters”

Nowadays, power electronics is an enabling technology in the energy development scenario.
Furthermore, power electronics is strictly linked with several fields of technological growth, such
as consumer electronics, IT and communications, electrical networks, utilities, industrial drives
and robotics, and transportation and automotive sectors. Moreover, the widespread use of power
electronics enables cost savings and minimization of losses in several technology applications
required for sustainable economic growth. The topologies of DC-DC power converters and
switching converters are under continuous development and deserve special attention to highlight
the advantages and disadvantages for use increasingly oriented towards green and sustainable
development. DC-DC converter topologies are developed in consideration of higher efficiency,
reliable control switching strategies, and fault-tolerant configurations. Several types of switching
converter topologies are involved in isolated DC-DC converter and nonisolated DC-DC converter
solutions operating in hard-switching and soft-switching conditions. Switching converters have
applications in a broad range of areas in both low and high power densities. The articles presented in
the Special Issue titled “Advanced DC-DC Power Converters and Switching Converters” consolidate
the work on the investigation of the switching converter topology considering the technological
advances offered by innovative wide-bandgap devices and performance optimization methods in
control strategies used and also in the design of the passive components such as high-frequency
isolation transformers. The articles concern switching converter topics such as the following:

e New switching converter topologies for power electronics applications;

e Control and optimization of switching converter circuits;

e Innovative power devices in switching converter applications;

e Advanced DC-DC converters for power supply applications;

e  Switching converters in smart grid applications and energy transmission systems;
e Advanced switching converters for renewable energy conversion;

e Advanced DC-DC converters for energy storage systems;

e  Switching converters in automotive and traction systems.

From an overview of the articles presented, the issues of the role of converters in the generation
of renewable energy and optimization in smart electricity grids together with the problems of
recharging batteries for both energy storage systems and electric traction are predominant. As can
be seen from the contributions offered, the key role of new semiconductor devices and advanced
converter topologies allows a significant contribution to improving energy efficiency. Due to global
problems such as the greenhouse effect, energy shortages, and sustainable mobility, a considerable
effort is required towards the use of renewable energy and electrical transmission, storage, and
implementation systems in the development of livable urban agglomerations and global life quality.
Energy conversion via switching converters plays a crucial role in the development of these necessary
technological needs. The studies and results presented, while not exhaustive, move in the direction
of a further step towards continuous improvement to which we are all called in our research work.
Each small research contribution acts in the growth of the quality of life for the well-being of present
and especially future generations.

Salvatore Musumeci

Editor
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Abstract: A novel interleaved high step-up DC-DC converter applied for applications in photovoltaic
systems is proposed in this paper. The proposed configuration is composed of three-winding coupled
inductors, voltage multiplier cells and a clamp circuit. The step-up voltage gain is effectively increased,
owing to the voltage-stack and voltage-lift techniques using the voltage multiplier cells. The leakage
inductor energy is recycled by the clamp circuit to avoid the voltage surge on a power switch.
The low-voltage-rated power switches with low on-state resistances and costs can be used to decrease
the conduction losses and increase the conversion efficiency when the voltage stresses of power
switches for the converter are considerably lower than the high output voltage. The reverse-recovery
problems of diodes are mitigated by the leakage inductances of the coupled inductors. Moreover,
both the input current ripple and the current stress on each power switch are reduced, owing to the
interleaved operation. The operating principle and steady-state analysis of the proposed converter
are thoroughly presented herein. A controller network is designed to diminish the effect of the
variations of input voltage and output load on the output voltage. Finally, the experimental results
for a 1 kW prototype with 28-380 V voltage conversion are shown to demonstrate its effectiveness
and performance.

Keywords: interleaved operation; three-winding coupled inductor; high step-up DC-DC converter

1. Introduction

Because of the fast exhaustion of fossil fuels and the global warming problem, much research
has been developed to cope with green energy sources, such as the fuel cells, photovoltaic power
(PV power) or wind power. Generally, a single-phase 220 Vac grid-connected photovoltaic system
requires a DC bus voltage of 380—420 V to provide the requirement for a full-bridge DC-AC inverter.
Regrettably, the output voltages of individual PV modules are ordinarily lower than 40 V in household
applications [1]. Thus, a high step-up DC-DC converter is necessary to serve as a voltage boosting cell
between the PV modules and the AC power generation unit [2—4].

For a traditional boost converter, an extreme duty ratio operation has to be realized to obtain a high
voltage gain. However, it will result in large current ripples, high conduction losses, reverse-recovery
problems for diodes, and electromagnetic interference problems [5]. In addition, the voltage stresses
on the power switches and diodes are equal to the high output voltage. Thus, high-voltage-rated
MOSFETs with high on-state resistance and diodes with high forward voltage drop should be used,

Energies 2020, 13, 2537; d0i:10.3390/en13102537 1 www.mdpi.com/journal/energies
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which leads to lower efficiency due to high conduction losses. To proceed, isolated power converters,
such as a conventional flyback DC-DC converter, can derive a high voltage gain by adopting a high
transformer turns ratio, which results in a large leakage inductance. A large leakage inductance will
cause a much higher voltage spike on the power switch and more power dissipations. Consequently,
the aforementioned converters are not proper for use in a high step-up voltage gain application.

To overcome the above problems in high voltage gain applications, many high step-up converters
have been presented in the literature. Coupled inductors have been adopted to obtain a high voltage
gain in the non-isolated converters, because the turns ratio can be served as a control freedom to
enlarge the voltage gain [6-10]. Recently, a three-winding coupled inductor has also been applied
to a lot of high step-up DC-DC converters to achieve higher voltage gains [11-13]. In [14-19], the
switched-inductor and/or switched-capacitor step-up converters are presented to derive a high voltage
gain, owing to their simpler structure and operation. A double-duty technique was applied in the
high step-up voltage gain applications with two distinct duty ratios for the power switches in [20,21].
The parallel structure on the input side with interleaved operation can be utilized to increase the
power level and reduce the input current ripple. The voltage multiplier cells were also applied to
the interleaved high step-up converters in [22-24]. The built-in transformer technique for obtaining
a high step-up conversion ratio is presented in [25-27]. The interleaved DC-DC converters with
three-winding coupled inductors in [28-30] exhibited a high voltage gain and better current sharing
performance simultaneously.

An IA novel interleaved high step-up DC-DC converter is proposed in this paper. It contains
three-winding coupled inductors, voltage multiplier cells and a clamp circuit. The voltage-stack and
voltage-lift techniques are adopted to extend the voltage gain by means of the voltage multiplier cells.
The clamp circuit is utilized to recycle the leakage inductor energy and clamp the voltage stress of
power switches. The advantages of the proposed high step-up converter are as follows:

(1) By designing a proper turns ratio for the coupled inductors, the high voltage conversion ratio can
be obtained whilst operating at an appropriate duty ratio.

(2)  The voltage stresses on the power switches are greatly less than the output voltage, so the power
switches with lower on-state resistances are utilized to decrease the conduction losses.

(3) The power switches achieve zero-current switching at turn on, and the switching losses can
thereby be reduced.

(4) The diode reverse-recovery problem is effectively alleviated by the leakage inductances of the
coupled inductors.

(5) The leakage inductor energy can be recycled to suppress the voltage spikes on the power switches.

A prototype of 1 kW was implemented in the laboratory to verify the theoretical analysis and
the performance of the proposed interleaved high step-up converter. The remainder of this paper
is organized as follows. In Section 2, the circuit description is given, and the operating principle
is presented in detail simultaneously. Section 3 shows the steady-state analysis. The performance
comparison with existing converters is also presented. The closed-loop controller design is provided in
Section 4. Section 5 provides the experimental results of a laboratory prototype. Finally, the conclusion
of this paper is given in Section 6.

2. Circuit Description and Operating Principle

Figure 1 shows the circuit topology of the proposed converter. Two three-winding coupled
inductors with the same number of turns are included in the proposed converter. The primary,
secondary and tertiary windings are denoted by N1, N, and N3, respectively. The coupling reference is
indicated by and . The primary windings are parallel connected to process the large input current
and serve as the filter inductors in the conventional boost converter. The secondary windings are
connected in series to constitute the voltage multiplier cell I, which is inserted between the clamp
circuit and the output high voltage side to lift the output voltage. The tertiary windings are in series
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connection to constitute the voltage multiplier cell II, which is stacked on the output capacitor C; to
enlarge the voltage conversion ratio.

Voltage Multiplier Cell IT

. N, N, D0 N, N, GF
Mo Pl aetT
if"I KDy oL
Clamp Circuit
Dy
Bt L
Y Dy | D
VirF 4 e Cpp N, N Cy D RSV,
- lad bl i . oot i > -
D,
@Ak 4
EE} SﬂE} Voltage Multiplier Cell 1~ €1 T

Figure 1. Circuit configuration of the proposed converter.

The coupled inductor is modeled as an ideal transformer with a defined turns ratio, which is
in parallel with a magnetizing inductor and in series with a leakage inductor.L,,; and L, represent
the magnetizing inductances, while Ly and Ly, represent the leakage inductances. Assuming that
the number of turns N3 is equal to N,. n is defined as the turns ratio with n = N>/N; =N3/Nj.
The equivalent circuit of the proposed converter is illustrated in Figure 2, where S; and S, are the
power switches; D and D, are the clamp diodes; C, is the clamp capacitor; Dy and Dy, are the lift
diodes; Cy1 and Cy; are the lift capacitors; Ds; and Dy, are the switched diodes; Cq, C; and Cj are the
output capacitors; D, is the output diode; V;, is the input voltage; V, is the output voltage; and R is the
output load.

\
+

A

p AS]

Figure 2. Equivalent circuit of the proposed converter.

The proposed converter operates in continuous conduction mode (CCM). The gate signals of the
power switches are interleaved with 180 phase shift, the duty ratios are the same, and they are greater
than 0.5. The theoretical waveforms are shown in Figure 3. In CCM operation, the operating mode of
the proposed converter can be partitioned into eight stages over one switching period. Figure 4 shows
the corresponding circuit models for the eight operating stages.
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Figure 3. Theoretical waveforms of the proposed converter.

Stage 1 [ty ~ t;]: The equivalent circuit of this stage is depicted in Figure 4a. Att = fty, the
power switch Sy starts to turn on with zero-current switching (ZCS) operation, owing to the leakage
inductance Ly, and S; is still in a turn-on state. The diodes D1, D¢y, Dg1, Dy and Dy are reversed
biased, and D, as well as Dy are still turned on. The current through Ly increases rapidly from zero,
while the currents through the secondary and tertiary windings of the coupled inductors decrease.
The current falling rates through D, and Ds; are controlled by the leakage inductances Ly; and Ly, such
that the diode reverse recovery problem is alleviated. The stored energy in the magnetizing inductor
Ly is transferred to the output side via the secondary and tertiary windings of the coupled inductors.
The following equations are valid:

ipp = —ip1 = n(ipo +ips1) (€]

i1 = ipm +ipt = i1 — 1(ipo + ips1) 2

As the leakage inductor current ify reaches the magnetizing inductor current iy, this stage ends.
At the same time, the currents through the diodes D, and Dy; fall to zero, and D, and Ds; are turned
off with ZCS operation.

Stage 2 [f; ~ f]: The power switches S; and S, remain in a turn-on state, and all of the diodes
are in a turn-off state. Figure 4b depicts the corresponding operating circuit. The currents through



Energies 2020, 13, 2537

inductors L1, i1, L2 and Ly, increase linearly because these inductors are charged from the input
DC source. The leakage inductor currents are as follows.

Vi

i (1) = ipga (t1) + m(f— t) ©)
m

. . Vi

ia(t) = fua(h) + —=5 (=) )
m

This stage ends when S; is turned off.

Stage 3 [t, ~ t3]: In this stage, the switch S is in a turn-off state, and S; keeps conducting.
The operating circuit is illustrated in Figure 4c. The clamp capacitor C. is charged by the current i 4,
via the clamp diode D,. The leakage inductor energy is released to the capacitor C.. The current if,
decreases linearly. The voltage across the switch S; is clamped by the capacitor voltage V.. The energy
stored in L, is released to the capacitors Csy, Crp and C; via the secondary and tertiary windings of the
coupled inductors. The lift capacitors Cyy and Cyp are charged by the lift diode currents ipy and ipgp,
respectively. At the same time, the output capacitor C; is charged by the current ips,. The following
equations are valid:

i1 = —ipy = nipsy + n(ipe1 +ipe2) (@)
itkp = iLm2 — nips2 — nipe1 + ipe2) (6)

The stage finishes as i, falls to zero at t = t3, and the clamp diode D, becomes reverse-biased
under ZCS operation. Thus, there is no reverse recovery loss for D,.

Stage 4 [t3 ~ t4]: At the beginning time, the clamp diode D, is naturally turned off when the
leakage inductor energy stored in Ly, has fully released to the clamp capacitor C.. The operating circuit
is illustrated in Figure 4d. Magnetizing inductor L, still transfers its energy to charge Cy1, Crp and
C, via the secondary and tertiary windings of the coupled inductors. The current through the power
switch S; is the summation of the currents in the magnetizing inductors L,,; and L. The following
equations are held in this stage:

irm2 = n(ipa + ipe2) + Nips 7)
is1 = ipm1 + iLm2 (8)

This stage finishes when the turn-on signal is applied to S.

Stage 5[4 ~ f5]: In this stage, the operating circuit is depicted in Figure 4e. The switch S, turns
on at time t; under ZCS condition, owing to the leakage inductance Ly, and S; is still conducting.
The current ijy, increases rapidly from zero, and the currents in the secondary and tertiary windings of
the coupled inductors decrease. The current falling rates through D, D¢, and Ds; are dominated by
Ly1 and Ly,, such that the diode reverse recovery problem is mitigated. As the leakage inductor current
iryp reaches ip,p, this stage ends at t = t5. At the same time, the currents through Dy, Dy, and Ds; fall
to zero, and these diodes are naturally turned off with ZCS operation.

Stage 6 [t5 ~ fg]: The switches S; and S; are conducting in this interval. All of the diodes are in a
turn-off state. The operating circuit is depicted in Figure 4f. The operating modes of stages 1 and 6 are
similar. At the end of this stage the switch S; is turned off.

Stage 7 [ts ~ t7]: The switch S; is turned off at time ts. The operating circuit is illustrated in
Figure 4g. One part of the leakage inductor energy stored in Ly, is released to the clamped capacitor Ce,
and another part of the leakage inductor energy is recycled to the output side. The leakage inductor
current ij is falling. The input voltage V;,, Cr and Cy; are in series connection to transfer energy to
the output capacitor C; via diodes D.; and D,, as well as the primary and secondary windings of the
coupled inductors, thus extending the voltage on the output capacitor C;. The stored energy in L, is
delivered to the secondary and tertiary windings of the coupled inductors, such that output capacitor
Cs is charged by the diode current ipg;, and C; is charged by the diode current ip,. As the leakage
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inductor current iy drops to zero, the diode D1 becomes reverse-biased and turns off at time t; under
ZCS condition. Thus, there is no reverse recovery loss for D.;. At this moment, this stage ends.

Stage 8 [f; ~ tg]: Figure 4h illustrates the operating circuit. At the beginning time, the leakage
inductor energy stored in Ly has completely released. Magnetizing inductor L, still transfers
energy to the capacitors C; and C3 via the secondary and tertiary windings of the coupled inductors.
The capacitors C, C¢1, Cpp and the secondary windings are connected in series to transfer their energy
to the output capacitor C;. The current in the switch S, is the summation of the currents ir,,; and if .
The switch Sy is turned on at the end of this stage. Then, a new switching period begins to start.

+ i M +
-‘M oKDy NN Np oDy Ny N,
+ “ . + + . +
72 vpy Dy (&) Vea vps2© Do C, =V,
- iLg i -
Dp> ! 2 b,
- Vit ing : b D St RS
Vi o Ny Mo pt RSN Vi Gl s o Ny Mg Yo
+De2- - - VDel+ VDe2- .
- V{" bul T VCr " VDo - L(" oy . VC! [ony
L1t Dy L1 * Dy
Ly, [
e - Vpu+ 1+ e - Vpn+
sy Q=g s G
(a) (b)

"
=Ny Vi’ Dy

y Vo Vi

[ VDel+ +VDe2-

L
Co Ve,

[

() (d)
+ +
it Dy N Ny aiDy N, N,
- .
i 4 - N
V52K D2 ¢ vpsah Dz
- lips2 : l -
3| ! i
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Figure 4. Operating stages of the proposed converter. (a) Stage 1, (b) Stage 2, (c) Stage 3, (d) Stage 4,
(e) Stage 5, (f) Stage 6, (g) Stage 7, (h) Stage 8.
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3. Steady-State Analysis

3.1. Voltage Gain Derivation
To briefly describe the voltage gain derivation, the following assumptions are used:

(1)  All of the semiconductors are regarded as ideal. The on-state resistance of the switches and the
forward voltage drop of the diodes are ignored.

(2) The leakage inductances are neglected.

(3) The magnetizing inductances of the coupled inductors are regarded as the same; that is, L,; =
LmZ = anv

All of the capacitors are large enough. As a result, the voltages across them are considered
constant during one switching period. Based on the volt-second balance principle of the magnetizing
inductance Ly, the voltage on the clamp capacitor C. can be derived as

Vee Vin (9)

1
~1-D
where D is the operating duty ratio. The result in Equation (9) is identical to the output voltage of a

conventional boost converter.

Let the voltages across the secondary and tertiary windings of the coupled inductors be denoted

by V}\IZ and V}\B, V;\Ilz and VII\IB, respectively. According to Kirchhoff’s Voltage Low (KVL), the voltages

across the lift capacitors C; and Cyp can be calculated from stage 3 as
Ve = Ve = Vi = Vg = 1Vin = 1(Via = Vee) = nVeo (10)
Moreover, it also yields
Vea = Vi3 = Vg = nVin =1(Vin = Vo) = nVee (11)
Substituting Equation (9) into Equations (10) and (11), the capacitor voltages are rewritten as

n
Vea =Ven = -5 Vin (12)

Ve = Vin (13)

_n
1-D
By applying KVL in stage 7, the voltage V3 across the output capacitor Cz can be derived as

n

Vc3 = V}\IB - V}\I?) = I’lVCC = ﬁ

Vin (14)

Moreover, the voltage across the output capacitor C; is derived as

Ver = Vi, = Vi + Vee + Vea + Ve = % in (15)

According to (13)—(15), the output voltage can be obtained as follows:
Vo= Vo +Ver + Ves = 220, (16)

Hence, we have the ideal voltage gain M of the proposed converter as
M= Vo _ 5n+1 17)

Vi 1-D
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The plot of voltage gain M versus turns ratio n and duty ratio D is drawn in Figure 5. It shows
that the turns ratio has a significant impact on the step-up voltage gain. In addition, the high voltage
gain can be achieved without any extreme duty ratio or high turns ratio in the proposed converter.
When the duty ratio is merely 0.6 and turns ratio n = 1, the voltage gain is calculated as 15.

90 T
; X * —n=1
L 9 /

3
1=

X,
“
>
1

60 / o
®
3
‘ﬁ

Voltage Gain (Vo/Vin)
3
e
"

“"
o o
:M x"’xxﬂ
30 MM
,,,.M"‘“
201
/
———/
10
95 0ss 06 065 07 075 08 08 09 09 1

Duty Ratio (D)
Figure 5. Voltage gain curve versus duty ratio with different turns ratio.

3.2. Voltage Stresses on Semiconductor Devices

The steady-state analysis reveals that the voltage on the power switches and the clamp diodes
during their off-state are all equal to the voltage on the clamp capacitor. From Equations (9) and (17),
the voltage stresses are given by

1

1
Vs1 =Vs2 =Vpa = Vpe = Ve = mVin = mVo (18)
Moreover, the voltage stress on the switching diode Ds; can be derived as
2n 2n
Vo =V + Ve = —pVin =5, m Vo (19)
The voltage stress on the output diode D, is given by
2n 2n
Vo =Ve1 = Vea —Vee = g Vin = mVo (20)
Similarly, the voltage stresses on the diodes Dy, D¢y and Dy, can be derived as
2n 2n
Vb =Vpn = Voo = 1_5Vin =57V 21

From Equations (18)-(21), the relationship between the normalized voltage stresses on
semiconductor devices and the turns ratio of the coupled inductors is shown in Figure 6.
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Figure 6. Normalized voltage stresses on semiconductor devices.

As the turns ratio increases, the voltage stresses on Sy, Sy, D1 and D, decrease, and the voltage
stresses on the other diodes become large. It is worth noting that the voltage stresses are lower than the
output voltage. As a result, power MOSFETs with low Ryon) and diodes with low forward voltage
drop can be employed to reduce the on-state losses and improve the conversion efficiency.

3.3. Design Considerations

3.3.1. Design of Coupled Inductors

The turns ratio of the coupled inductors is designed from Equation (17). Once the duty ratio has
been selected, the turns ratio 1 can be properly designed by

Ny N, (1-D)V, 1

"TNTN T 5V, 5 2

Once the turns ratio of the coupled inductor is obtained, the magnetizing inductance can be
determined from the CCM operation mode and an acceptable current ripple. The current ripple on the
magnetizing inductor is identical, and given by

i = 72 (23)
where f; is the switching frequency. The average magnetizing current can be derived as
2
lin = 30 = 4
where P, is the output power. For CCM operation, the following condition holds:
Ipm — lAz’Lm >0 (25)

2

Substituting Equations (23) and (24) into (25), the condition of magnetizing inductance for CCM
operation is expressed as
ViD  D(1-D)*VZ D(1-D)’R

Py f B (5n+1)2Pofs N (5n+1)2f5

Ln> (26)
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3.3.2. Design of Capacitors

The capacitors are determined to limit their voltage ripples to within an acceptable range.
The output capacitor C; is discharged by the average load current I, from Stage 2 to Stage 6. Thus, its
voltage ripple can be derived as

DI,
AV = 27
=G (27)
Substituting Equations (15) and (17) into (27), the required capacitance is calculated as
5 1)D
¢ = ——ontl (28)
(Bn+1)RE(AVer/Ver)

which is expressed by the specified voltage ripple on the output capacitor C;. Similarly, one can obtain
the design of the following capacitors in terms of their own specified voltage ripples:

(5n+1)D .
C=Cg=————,1=2,3 29
2T T RA(AVE/VE) @9
5n+1
Ceeg —m ——— 30
“ T RE@Ve/ Vo) (0

3.4. Performance Comparison

Table 1 shows the performance comparison between the proposed converter and some interleaved
high step-up converters published in [28-30], including voltage gain, voltage stress on switches,
maximum diode voltage stress and the quantities of the devices. In these comparative converters,
three-winding coupled inductors are employed to achieve high step-up voltage gain. Figure 7 shows
the voltage gain comparison with turns ratio n = 1. As can be seen, the proposed converter has the
highest voltage gain. In addition, it also has the lowest voltage stresses on the switches and diodes.
The voltage stresses on the semiconductor devices are lower than the high output voltage, which
results in the use of switches with low on-resistance and diodes with low forward voltage drop to
reduce the conduction losses and improve the conversion efficiency. As a result, it is clear that the
proposed converter is very suitable for applications requiring high efficiency and a high step-up voltage
conversion ratio.

5n+1

Cp=Cp—= — M0
ame nRfs(AVeei/Veey)'

i=12 (1)

Table 1. Performance comparison of characteristics.

Converter Converter in [28] Converter in [29] Converter in [30] Proposed Converter
Voltage gain ‘ 21—’;;32 —21"’_;52 —3"’7 Jbl —?;bl
Voltage stress on switches , ﬁv 5 J‘r] ) T TY/ 7 ;r"/

Maximum diode voltage stress ( ’Z’y:rz) o ( ;:r; . - 4 = L
Quantities of switches 2 2 2 2
Quantities of diodes 6 6 8 7
Quantities of capacitors 5 5 7 6
Quantities of coupled inductors 2 2 2 2

Maximal efficiency at output power 95.8% at 500W 97.2% at 400W 97% at 524W 98% at 100W

10
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Figure 7. Voltage gain comparison with turns ratio n = 1.

4. Controller Design

For the purposes of the output voltage regulation, regardless of the variations of input voltage
and output load, the voltage-mode feedback control system was built as shown in Figure 8. Blocks C(s)
and PWM represent the controller and pulse-width modulator, respectively. Block P(s) denotes the

converter power stage. Block K denotes the sensor gain.

Figure 8. Control system block diagram.

A small-signal model was investigated through the frequency response with experimental
measurements for the prototype converter. The electrical specifications and component parameters of
the prototype converter are shown in Table 2. The experimental frequency response at the operating
point of half load was measured by an NF FRA5012 frequency response analyzer. The Bode plot of the
measured transfer function from control to scaled output voltage (v, to Kv,) is shown in Figure 9 with
red curves. The corresponding transfer function can be obtained by the curve-fitting method, and it is

given by
Ko, (s) 138.3(s —45000) 32)

G(s) = 2e(s) (5 +700)(s + 7000)

11
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Table 2. Electrical specifications and parameters of the prototype converter.

Parameter/Description Specification/Value
Input voltage V;, 28V
Output voltage V, 380V
Rated output power P, 1000 W
Switching frequency fs 50 kHz
Magnetizing inductance Ly, 69 uH
Leakage inductance Ly 0.7 uH
Turns ratio n 1
Power switches S1 and Sy IRFP4668
Diodes DCl/ Dcz, Dfl/ D[z, DSl/ Dsz and D, 60CPQ150
Clamp capacitor Cc 147 uF
Lift capacitors Cy and Cpp 147 uF
Output capacitors Cy, C; and C3 120 uF

Bode Diagram
10 r £ r; T

20~
30k

40}~

Magnitude (dB)

50k

60

-70 - .

Phase (deg)
8
T

IS I : et IS S S S Y I
10 10° 10° 10 10°
Frequency (rad/sec)

Figure 9. Comparison between measured (red) and curve-fitting (blue).

The Bode plot of the curve-fitting transfer function in Equation (32), together with the measured
results, is shown in Figure 9. Comparing the magnitude and phase curves, it can be seen that the
curves agree well with each other. Thus, the curve-fitting transfer function expressed in Equation (32)
can be used for the controller design.

Based on the K-factor method [31], a type III controller [32] with three-pole and two-zero was
designed for the closed-loop control system. One of the poles of the controller was located at the origin
to achieve the zero steady-state error, while the other two poles were positioned below the desired
crossover frequency to attenuate the switching noises in the feedback loop. In addition, the zeros and
gain of the controller were adjusted to achieve the desired phase margin at the crossover frequency.
The controller transfer function was designed as

(s +2659) (s + 2673)

(33)
s(s+1.49 x 104)*

C(s) = 3.3x10°

12
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The controller was implemented by the operational amplifier circuit, as shown in Figure 10, and
its transfer function is given by

1 1
9(s)  Ri+Rs (5+ m)(” _<R1+R3>c3)

KRR =8

1 1
St RGG/ G )(s + 765)

G,
—
R3 C3
R, C
R, v

Figure 10. Controller circuit.

The Bode plots of the plant G(s), the controller C(s) and the loop gain Tol(s) = G(s)C(s) are shown
in Figure 11. As a result, a crossover frequency of 1 kHz and a phase margin of 45° were achieved for

the output voltage controlled system.
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Figure 11. Bode plots of plant, controller and loop gain.

5. Experimental Verification

An experimental prototype with maximal output power 1 kW was implemented and tested to
verify the performance of the proposed converter. Table 2 shows the components and parameters of
the prototype converter [33]. Figures 12-16 show the simulated results using IsSpice software and the
experimental results under full load 1 kW condition, as described below.

13



Energies 2020, 13, 2537

<
E
E
<

£
S
H

00V

T

A
B

(a)

| I — — 1

Vo1 110V/div m

=

o ;
V2 10V/div 2
o Vi d0Vidiv
.
7,:400V/div ;
B

=
Time:10ps/div| ~

(b)

Figure 12. Waveforms of 0451, 0gs2, Viy and V,. (a) Simulated results. (b) Experimental results.
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Figure 13. Waveforms of vgs1, Ugs2, U451 and vysp. (a) Simulated results. (b) Experimental results.

14



Energies 2020, 13, 2537

T

(a)
TekfEiE [ I e
1;,:50A/div
» =S
B ‘o
ip0:S0A/div 3
B i == a5 = =
i75:50A/div Time:10ps/div| -
(b)

Figure 14. Waveforms of i, irjq and ipy. (a) Simulated results. (b) Experimental results.
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Figure 16. Waveforms of the ZCS turn-on for switches S1 and S;. (a) and (b) simulated results. (c) and
(d) experimental results.

Figure 12 shows the waveforms of V;,, V,, and the gate signals Ugs1 and Vgs2, for the switches Sq
and S, with interleaved operation. It can be seen that the high voltage gain was over 13 times; however,
the duty ratios of the switches were not extremely large.

Figure 13 illustrates the gate signals and the drain-source voltage waveforms v,y and v, for the
switches 51 and Sy. It was observed that the voltage stress on S; and S was only about 63 V, which is
Vo /6. The switch voltage stress was much lower than the output voltage. This result meets with that
of the steady-state analysis in Equation (18). Therefore, the power switch with a low voltage rating
and low on-resistance can be chosen to reduce the conduction losses.

Figure 14 represents the input current i;, and the leakage inductor currents i;;; and ij,. Since the
input current i;, is equal to iy plus ifgy, one can see that the interleaved operation helps the ripple
current cancellation. Consequently, the input current ripple is really small. The ripple current reduction
is helpful for the lifetime of green energy sources. Moreover, a good input current sharing capability
can be observed by the leakage inductor currents for the two phases of the proposed converter.

Figure 15 exhibits the currents and voltage waveforms on the clamped diodes D and D,.
One can see that the voltage stress on the diodes is about 63 V, which is only one-sixth of the output
voltage. The experimental results show good agreement with the theoretical result in (18). In addition,
as can be seen, the currents ip; and ip; fell to zero, and then the considered diodes turned off with the
ZCS operation, which is consistent with the operating analysis in stages 3 and 7. Thus, there are no
reverse-recovery losses for the clamped diodes D and D,.

In Figure 16, the simulated and experimental waveforms of the voltages and the currents on the
switches S; and S are illustrated. It can be seen that the power switches can achieve ZCS turn-on
operation. The switching losses are reduced accordingly for high efficiency.

Figure 17 shows the dynamic response of the output voltage under the load variation between
200W and 1000W using a dc electronic load. The dynamic response of the output voltage under the
input voltage varying from 28 V to 32 V, and vice versa, is shown in Figure 18. As shown in the figures,
the output voltage is insensitive to the load change and input voltage variation. It means that the
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well dynamic performance of the output voltage regulation can be provided with the closed-loop
controller design.
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Figure 17. Dynamic response of output voltage under step load variation.
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Figure 18. Dynamic response of output voltage under input voltage variation.

Figure 19 represents the conversion efficiency of the prototype converter under various output
powers. A high precision power analyzer (HIOKI 3390) was employed to measure the power conversion
efficiency, which is the ratio of the measured output power over the measured input power, Pout/Pin.
The measured maximum conversion efficiency was up to 98%, which was obtained at the output power
of 100 W. Moreover, the conversion efficiency was 91.08% at the full-load condition. At higher output
power, the on-state conduction losses of switching devices are high. Then, the efficiency decreases.
The photograph of the laboratory prototype is illustrated in Figure 20.
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30 1000 200 300 400 300 600 700 800 900 1000
Cutput power(W)

Figure 19. Power conversion efficiency.
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Drive Circuit and

Controller

Figure 20. Photograph of the laboratory prototype.
6. Conclusions

The three-winding coupled inductors and voltage multiplier cells, and the voltage-lift and
voltage-stack techniques were utilized to create a novel high step-up DC-DC converter configuration,
which is suitable for applications in PV generation systems. The proposed high step-up converter
gets high voltage gain conversion with proper duty ratio operation and low voltage stresses on the
switches and diodes. Switches with smaller on-resistance and diodes with lower forward voltage drop
can thereby be used to reduce the conduction losses. The interleaved operation reduces the input
current ripple. Moreover, the diode reverse-recovery loss is alleviated due to the leakage inductances
of the coupled inductors. The leakage inductor energy is absorbed and recycled to improve efficiency.
This paper presented the operating principle and steady-state analysis of the proposed converter.
The closed-loop controller is also well designed for the output voltage regulation, regardless of the
variations in the input voltage or output load. Finally, a 1 kW laboratory prototype was tested to
verify the performance and the presented analysis. The experimental results showed that the proposed
converter is suitable for high efficiency and high voltage gain in DC-DC conversion.
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Abstract: A multi-input-port bidirectional DC/DC converter is proposed in this paper for the energy
storage systems in DC microgrid. The converter can connect various energy storage batteries to the
DC bus at the same time. The proposed converter also has the advantages of low switch voltage
stress and high voltage conversion gain. The working principle and performance characteristics of
the converter were analyzed in detail, and a 200 W, two-input-port experimental prototype was built.
The experimental results are consistent with the theoretical analysis.

Keywords: DC/DC converter; multi-input-port; bidirectional; energy storage

1. Introduction

Due to global issues like the greenhouse effect and energy shortage, renewable energy generation
has developed rapidly in recent years [1-3]. Renewable energy generation is greatly affected by
natural environmental factors, output power of which exhibits intermittence and randomness [4,5].
DC microgrid and energy storage systems, like batteries and supercapacitors, are usually used to
smooth the fluctuating and stochastic output power of the renewable energy generation system [6,7].
A DC/DC converter with the capability of bidirectional energy conversion is the key device to connect
batteries and the DC bus of the DC microgrid.

In recent years, many studies have been conducted on bidirectional DC/DC converters [8,9].
Many battery cells were connected in series to achieve high voltage [10]; however, a charge equalization
circuit needs to be introduced to solve the problem of unbalanced battery charging [11]. On the contrary,
many batteries can also be connected in parallel to achieve high reliability [12], but the output voltage
of these batteries is low, and a high voltage gain converter is required in such an application [13,14].
Coupled inductors, switch capacitors, or voltage multiple cells can be used to improve the voltage
conversion ratio [15-19]; however, most of the above converters are single input and single output,
which means a large number of converters have to be used to connect each battery energy storage unit
to the DC bus respectively [20,21], as Figure 1a shows.
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Figure 1. A DC microgrid with various battery energy storage systems. (a) traditional converters;
(b) proposed converter.

In [22-24], some multi-input-port bidirectional converters have been presented; however,
these converters have some common disadvantages, such as a large number of devices, large size,
and high cost. A multi-input-port bidirectional DC/DC converter is proposed in this paper, many battery
energy storage units can be connected to the DC bus by this converter together, as Figure 1b shows.
Both in charging and discharging mode, the power flow to every battery can be controlled easily.
Apparently, the cost of the whole system can be reduced.

The paper is organized as follows. The working principle, performance analysis, and extension
of the proposed converter are described in Sections 2—4, respectively. In Section 5, the efficacy of the
proposed converter is verified experimentally using a 200 W prototype.

2. Operation Principle of the Proposed Multi-Input-Port Bidirectional DC/DC Converter

The operation principle of the proposed converter will be presented in this section based on a
topology with two input ports shown in Figure 2. To simplify the analysis, the following assumptions
are made:

1. The currents i;; and ;5 of the inductors L; and L, are both continuous.

2. All devices are ideal, regardless of the influence of parasitic parameters.

3. Theswitches S; and S; are regulated by an interleaved control strategy with the duty cycle greater
than 0.5. While the switches Q; and Q, are controlled by an interleaved control strategy with the
duty cycle less than 0.5. The operation principle of the converter can be analyzed based on the
discharging or charging modes.
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Figure 2. A multi-input-port bidirectional DC/DC converter for energy storage systems in a
DC microgrid.
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2.1. Discharging Mode (Boost)

In this mode, S; and S, are interleaved with 180° phase shift to turn on, and Q;, Q, are turned
off. During a switching period T, there are three Sub-modes. The main waveforms of the converter
working in steady state are shown in Figure 3, and the equivalent circuit of each Sub-mode is shown in
Figure 4. The control signals of S; and S, are denoted by 1451 and s, respectively.
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Figure 3. The main waveforms in one switching period Ts.

Sub-mode 1 [ty—t1, tr—t3]: as Figure 4a shows, S; and S, are on. The voltages of the inductors
Ly and L, are equal to uiy1 and ujy, respectively. The inductor currents increase linearly at the rates
of uin1/L1 and uiny/Ly, respectively. The current through the capacitor C; is zero, while the capacitor
voltage is unchanged.

Sub-mode 2 [t;—#;]: as Figure 4b shows, S is on, and S; is off. Same as Sub-mode 1, the voltage of
the inductor Ly is still 11, and the current through it increases linearly at the rate of u,1/L1. However,
the current through the inductor L, decreases at the rate of (iiny + 11 — Uo)/Ly. The capacitor C; is
being discharged. The voltage of C; decreases linearly, and the current of C; is equal to iy 5.

Sub-mode 3 [t3-t4]: as Figure 4c shows, S; is off, and S; is on. The current through the inductor
L1 decreases at the rate of (11in1 — 1c1)/L1. The voltage of the inductor L; is uinp, and the current of L,
increases at the rate of u;y/L,. The capacitor C; is being charged. The current of the capacitor C; is
equal to i; 1, and the voltage of C; increases linearly.
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Figure 4. The equivalent circuits in the discharging mode for (a) Sub-mode 1; (b) Sub-mode 2;
(c) Sub-mode 3.

2.2. Charging Mode (Buck)

In this mode, Q; and Q; are interleaved with 180° phase shift to turn on, and Sy, S, are off. During
a switching period Ts, there are three Sub-modes. The main waveforms of the converter working in
steady state are shown in Figure 5, and the equivalent circuit of each Sub-mode is shown in Figure 6.
The control signals of Q; and Q; are denoted by 1401 and ugq, respectively.

Sub-mode 1 [tp—t1]: as Figure 6a shows, Q; is on, and Q; is off. The current through the inductor
L; increases at the rate of (i1c1 — #in1)/L1. The voltage of the inductor L; is ujny, and the current of
L, decreases at the rate of uin/Ly. The capacitor C; is being discharged. The voltage of C; decreases
linearly and the current of C; is equal to if ;.

Sub-mode 2 [t1—t;, t3—t4]: as Figure 6b shows, Q; and Q, are off. The voltages of the inductors L;
and L, are iy and ujnp, respectively. The inductor currents decrease linearly at the rates of un1/L1
and ujno/Ly, respectively. The current through the capacitor C; is zero, while the capacitor voltage
is unchanged.

Sub-mode 3 [t,—t3]: as Figure 6¢ shows, Q is off, and Q; is on. The current of the inductor L;
decreases at the rate of u;,1/L1. However, the current through the inductor L, increases at the rate of
(1o — tinp — tc1)/La. The capacitor C; is being charged. The current of the capacitor C; is equal to ir 5,
and the voltage of C; increases linearly.
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Figure 5. The main waveforms in one switching period Ts.
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Figure 6. The equivalent circuits in the charging mode for (a) Sub-mode 1; (b) Sub-mode 2;
(c) Sub-mode 3.
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3. Performance Analysis

3.1. Voltage Conversion Ratio

Discharging Mode (Boost): According to the analysis of the above working principle, the operating
characteristics of the proposed converter can be derived from the three Sub-modes in one switching
cycle T, based on the voltage-second balance of the inductors Ly and L,.

Ds1tting 4 (1= Ds1) (ttin1 —uc1) =0 M

Dsytting + (1 = Dsp) (tinz + i1 — o) =0 2

From Equations (1) and (2), Equations (3) and (4) can be derived:

Uin1
ucy = 3
= 1"Dg ®3)
Uinl Uin2
=t — 4
1-Ds;  1-Dsg @
According to Equation (4), it can be clearly seen that the voltage conversion ratio of the proposed
converter is twice that of the traditional boost converter.
When the input voltages uin1, Uin2, and the duty cycle Dg;, Ds;, are the same, respectively,
the voltage conversion ratio of the proposed converter can be derived:

Uo

Uo 2
Mgoost = — = ————
in 1- DBoost

®)

Charging Mode (Buck): According to the analysis of the above working principle, the operating
characteristics of the proposed converter can be derived from the Sub-three modes in one switching
cycle T, based on the voltage-second balance of the inductors L; and L,.

Dai (et = in1)+(1 = Dou) (~ttin1) = 0 6)

Dy (1o = tting — ttc1)+(1 = Do) (—tin2) =0 7)

From Equations (6) and (7), Equations (8) and (9) can be derived:

0

ucy = Dl;ll (8)
Uinl Uin2

Ug = — + — 9

°= Dor  Des ©)

When the output voltages uj,1, tin2, and the duty cycle Dg, D, are the same, respectively,
the voltage conversion ratio of the proposed converter can be derived:

i D
Mpyoy = -2 = Bk 10
0o

According to Equation (10), it can be seen that the voltage conversion ratio of the proposed
converter is half of that of the traditional buck converter.

3.2. Relationship between the Currents of the Two Inductors

Discharging Mode (Boost): During a switching cycle T, in Sub-mode 3, the capacitor C; is charged
for (1 — Ds1)Ts and the current of C; is equal to i 1. In Sub-mode 2, the capacitor C; is discharged for
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(1 — Ds)Ts, and the current of C; is equal to if . In Sub-mode 1, the current of the capacitor C; is zero.
Due to the ampere-second balance of the capacitor Cy, the following can be derived:

I11(1 = Ds1)Ts = Ir2(1 = Ds2) T (11)

I11(1-Ds1) = I12(1 - Ds2) (12)

When the duty cycles Dg; and Ds; are equal, the two input currents are also equal. Thus, automatic
current sharing is realized. The power of the two ports can be adjusted through controlling Ds; and
Dsy, respectively.

Charging Mode (Buck): During a switching cycle T, in Sub-mode 1, the capacitor C; is discharged
for D1 Ts, and the current of C; is equal to i71. In Sub-mode 3, the capacitor C; is charged for D, T,
and the current of C; is equal to 7i1,. In Sub-mode 2, the current of the capacitor C; is zero. Due to the
ampere-second balance of the capacitor Cj, the following can be derived:

I11DiTs = I12Dgo Ts (13)

I11Dq1 = 12D (14)

When the duty cycle Dg and Dg; are equal, the two input currents are also equal. Thus, automatic
current sharing is realized. The power of the two ports can be adjusted through controlling Dg; and
Dy, respectively.

3.3. Voltage Stress of Switch
The voltage stresses of S1, Sp, Q1, and Q, can be derived as follows:

1. Discharging Mode (Boost):

Uus1 = Uci (15)
Uspy = UQy = Uo — UC1 (16)
uQr = o 17)
2. Charging Mode (Buck):
U1 = Ucy (18)
Usy) = UQy = Uo — Uct (19)
uQ1 = Uo (20)

3.4. Current Stress of Switch

Discharging Mode (Boost): To begin with the time of S; turning on, in the following cycle T,
the inductor currents i1 1, i1, can be represented as

o I — u.n1D91Ts + umlt 0<t<DgTs )1
= I+ ”mlDSdT ”Cl luml t, DgTs <t<Ts @1
Iz + 52 Ui Ts + =t 0<t<(Dsy—3)Ts
. in! Ts 0 in TS
iy =1 Ipp+ "y = uflz “2[t—(Ds; ~ 3)Ts], (Dsa—3)Ts <t< 7 (22)
I — —uszSZTS + 1,7 Zn2 ( %), % <t<Ts
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According to the three Sub-modes of the circuit, in a switching cycle, the currents through S; and
S; at every stage can be derived as follows:

i <
o = | 0<t<DgTs (23)
0, DgTs<t<Ts
i, 0<t<(Dg—3)Ts
Ts
isz _ 0, (DSZ - %)TS <t< i (24)
ir2, % <t < DgTs
i1 + 12, DgpTs <t <Tg
From Equations (21)-(24), the currents through S;, Sy, Qy, and Q; can be derived as follows:
. . Uin1Ds1 T,
is1 = iQ1 = I + m]T?]S (25)
. Uin1 Ds1 T Dgy — 1
sy = Iy + =290 4 Iy + 22—y T (26)
20, 20,
. Uinp Dy T
i =1In+ MTEZS (27)

Charging Mode (Buck): To begin with the time of Q; turning on, in the following cycle T,
the inductor currents i1 and i;, can be denoted by

' uclL—luinl 3 0<t < D Ts (28)
1 = —uin1) D1 Ts i
Iy + (uc1 u2L11> ls uLl_T(t —DoiTs), DonTs<t <Ts
0~ ~Hin DpTs in: in:
Iy + (to—ticy 21222) @Ts ML_ZZ(% ~Dg)Ts — ML_ZZt' 0<t< %Ts
. o~ —1in2) D Ts o~ —Uin:
o= Iy — (uo—ticy Zizzz) @ls | (u u?z Uin2) (t- %Ts)/ %Ts <t< (% + DQZ)TS (29)

o~ ~Hin: DqpTs in’
I + (1o—ticy Zli 2)DeTs uL_Zz[t_ (% +D)Ts), (% +Dq)Ts <t <Ts

2
According to the three Sub-modes of the circuit, in a switching cycle, the currents through Q; and
Q; at each stage can be derived as follows:

. _ iLl, O<t < DQlTS
Q= { 0, DiTe<t<T; (30)
0, 0<t<3Ts
ip =1 i, 3Ts<t<(}+D)Ts (1)
0, (3+D)Ts<t<Ts
From Equations (28)-(31), the currents through Sy, Sy, Q1, and Q; can be derived as follows:
, , . ting (1 - DQ1)Ts )
lqa1 = 1 = —_—
s1=1Q1 = 111 oL,
, ina (1 = Do T
i = Itz + (33)
tin1 (1 —DQ1)Ts uino (1 —DQz)Ts w1
i — oy g, R B 2 ponT 34
isp =1Ip1 + T +112 T + I, (2 o1)Ts (34)
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3.5. Power Flow

Discharging Mode (Boost): The inductor current i ; increases as the duty cycle Dg; increases,
and the inductor current i ; decreases as the duty cycle Dg; decreases. Since the two input voltages uin1,
Uiny are equal, the ratio of the power of the two ports is equal to the ratio of the two inductor currents.
Therefore, when Dg1 < Dsp, i1 <ipo, iLl/iL2 < 1; when Dg1 = Dsp, i11 =112, iLl/iLZ =1; when Dg1 > Dsp,
ir1 > 112, ip1/ir2 > 1. Making Dg;: 0.5-0.8 as the x-axis, Dsp: 0.8-0.5 as the y-axis, and iy 1/i;, as the
z-axis, the following three-dimensional figure can be obtained as Figure 7 shows.

25
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Figure 7. i1 1/i;» 3D graph (Discharging Mode (Boost)).

Charging Mode (Buck): The inductor current i1 ; increases as the duty cycle Dg; decreases, and the
inductor current i1, decreases as the duty cycle Dq, increases. Since the two output voltages tin1, Uin2
are equal, the ratio of the power of the two ports is equal to the ratio of the two inductor currents.
Therefore, when DQ1 < DQz, iLl >iro, iLl/iLZ > 1; when DQ1 = DQz, iLl =i, iLl/iLZ =1; when DQl > DQz,
ir1 <ipp, ip1/ira < 1. Making Dgq: 0.5-0.2 as the x-axis, Dqgp: 0.2-0.5 as the y-axis, and 711/i1 > as the
z-axis, the following three-dimensional figure can be obtained as Figure 8 shows.
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Figure 8. i1 1/ir» 3D graph (Charging Mode (Buck)).
3.6. Comparison of the Proposed Converter with Other Converters

Some quantitative comparisons between some existing multi-input-port topologies, and the
proposed converter are given in Table 1. As can be seen, compared to [22-24], the number of devices of
the proposed converter is less, which means fewer losses and a lower cost.

Table 1. Comparison of the converters.

[22]  [23] [24] Proposed

No. of ports 3 4 3 3
No. of switches 12 4 6 4
No. of diodes 0 4 0 0
No. of inductors 6 4 2 2
No. of capacitors 3 5 2 2
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4. Extension of the Topology

4.1. Topology of the N-Input-Port Bidirectional DC/DC Converter

Based on the topology of the two-input-port bidirectional DC/DC converter shown in Figure 2,
the n-input-port bidirectional DC/DC converter topology can be derived as Figure 9 shows. To simplify,
assumptions are made as follows:

1. Currents of the inductors if 1, i, ... , and i}, are all continuous.

2. All devices are ideal, regardless of the influence of parasitic parameters.

3. Discharging Mode (Boost): during a switching period T, Sy, Sy, ..., and Sy, interleaved with 360°/n
phase shift are turned on with the duty cycle greater than (1 — 1/n), and Q;, Qy, ..., and Q, are
turned off. Charging Mode (Buck): during a switching period Ts, Q1, Qy, ..., and Qy, interleaved
with 360°/n phase shift are turned on with the duty cycle less than 1/n, and Sy, S, ..., and S, are

turned off.
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Figure 9. An n-input-port bidirectional DC/DC converter for DC microgrid energy storage system.
4.2. Voltage Conversion Ratio

Discharging Mode (Boost): Due to the voltage-second balance of the inductors Ly, Ly, ... , and Ly,
it can be derived:

Dsj_1)tin(i-1) = (1 = Ds(i_1)) (U (i-1) = Uc(iz2) — Uin(i-1)) (35)
Dsittini = (1 = Ds;) (tto = tic(i-1) ~ Uini) (36)
Uinp .
Uci = (I<i<n-1) 37)
1-Dsp,
=
- ini 38
o ; T-bo (38)
When Dg; = Dgp = ... = Dgn = Dpoost, the ratio of the output voltage 1., and each input voltage

Uin; is the voltage gain M; of each input port.

M; = Lo (39)

Uini
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n

Ui:
= =1- Dgoost (40)
n Uy
i=1
1 1
E+_+ +M—n71 Dgoost (41)
When Uinl = Uin2 = ... = Uijpn,
n
Mi=My=-=My=——— 42
1 2 n 1- DBoasf ( )

Charging Mode (Buck): Due to the voltage-second balance of the inductors Ly, Ly, ... , and Ly,
it can be derived:

(1= Dqyi—1))tin(i-1) = Dai-1) (Mc(iz1) — te(iz) — Uin(i-1)) (43)
(1= Dqi)ttini = Dqi(tto = tc(i-1) = tini) (44)
i
ump
-1) (45)
Z‘ DQp
n U
_ ¥} Yini
o= por (46)
i=1
When Dgi = Dy = ... = Dg, = Dpyck, the ratio of each output voltage u;,; and the input voltage
1, is the voltage gain M; of each output port.
His
M; = = 47
= 47)
n u .
Y, = = Dpyc (48)
n uO
i=1
My + Mz + -+ My = Dpyck (49)
When Uinl = Uin2 = ... = Ujnn,
D
My =My == My = =% (50)

4.3. Relationship between the Currents of the Inductors

It is assumed that the average values of the inductor currents i1, iry, ..., and ir,, are Iy 1, I1, ...,
and I, respectively.

Discharging Mode (Boost): Due to the ampere-second balance of the capacitors C1, Cy, ... ,and C,
it can be derived as follows:

I11(1=Ds1) = I12(1 = Dsp) = -+ = I1n(1 = Dsy,) (61)

When Dg; = Dgy = ... = Dgy, Iy = I1p= ... =I,. Thus, automatic current sharing is realized.
The power of all the ports can be adjusted through controlling Dgj, Ds;, ... , and Ds,, respectively.
Charging Mode (Buck): Due to the ampere-second balance of the capacitors Cy, Cy, ..., and C;,
it can be derived:
I11Dq1 = Ii2Dgp = -+ = I1aDan (52)

When Dgi = Dgp = ... = Dgn, I1 = I1p = ... =I1,. Thus, automatic current sharing is realized.
The power of all the ports can be adjusted through controlling Dg, Dgp, . .. , and Dgy, respectively.
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In practical applications, the efficiency of the converter will drop along with the increase in the
number of input ports.

5. Experimental Results

To verify the analysis presented in the previous sections, experiments were conducted based on
a 200 W two-input-port prototype developed from the proposed converter. The specification of the
prototype is given in Table 2, and the experimental results are presented and discussed as follows.

Table 2. Specification of the prototype.

Parameters Values
Voltage (Uin1, Uin2) 24V
Voltage (1) 200V
Output power (Po) 200 W
Switching frequency (fs) 100 kHz
Switch (S, Sz, Q1, Q2) C3M0280090D
Capacitors Co: 10 uF, Cq: 4 uF
Inductors (L1, Lp) 400 uH

5.1. Constant Duty Cycle

Discharging Mode (Boost): Figure 10a shows the waveforms of ugs1, tgsa, 4in1, and uiny, where the
duty cycles are around 0.76. Figure 10b shows the waveforms of u,, uc,, and uc;. It can be seen that
the DC values of 1¢; and u, are about 100 V and 200 V, respectively. The voltage conversion gain is
around 8.3, which is consistent with that calculated by Equation (5). Figure 10c shows that the voltage
stresses of S, Sy, and Q, are all about 100 V, while the voltage stress of Q; is about 200 V. These are
consistent with that obtained by Equations (15)—(17). Figure 10d shows that the currents of L and L,
are both about 4 A. Apparently, the measured results are all consistent with the previous analysis.
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Figure 10. The waveforms of the experimental prototype. (a) driving waveforms of the switches and
waveforms of the input voltage. (b) waveforms of voltages of C,, C1, and the waveform of the output
voltage. (c) waveforms of voltages of the switches. (d) waveforms of currents of the inductors.
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Charging Mode (Buck): Figure 11a shows the waveforms of ugq1, g2, Uin1, and uiny, the duty
cycles are near 0.24. Figure 11b shows the waveforms of 1o, uc,, and ucy; it can be seen that the
DC values of uc1, u, are about 100 V, 200 V, and the conversion gain is approximately 0.12, which is
consistent with Equation (10). Figure 11c shows voltage stresses of Sq, Sy, Q, are nearly 100 V, and the
voltage stress of Q; is about 200 V, which are consistent with Equations (18)-(20). Figure 11d shows the
waveforms of i1 1, irp. The DC values of iy 1, i are both about 4 A; evidently, the measured results are
all consistent with the theoretical analysis.
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Figure 11. The waveforms of the experimental prototype. (a) driving waveforms of the switches and
waveforms of the output voltage. (b) waveforms of voltages of C,, C1, and the waveform of the input
voltage. (c) waveforms of voltages of the switches. (d) waveforms of currents of the inductors.

5.2. Varying Duty Cycle

Discharging Mode (Boost): Figure 12a shows the changes of i;; and i;; when the duty cycle Dg;
and Dg; are adjusted. With the increase of the duty cycle, the inductor current increases, and the power
of the branch circuit increases.

Ds1=0.6 Dsi=0.7 Ds=0.8 Do1=0.4 Do1=0.25 Do1=0.2
IAAAAAAAAAAA NSNS SIS
ISP PV
11 (2A/div)
®- .
Ds=0.8 (@A/IV) | Ds=07 Ds=0.6
Dox=0.2 D=0.25 Do=0.4
iL2 ‘ iL2
(2A/div) (2A/div)
Aaw s
@wan o eason oo

(@) (b)
Figure 12. Power flow diagram for (a) discharging mode (Boost); (b) charging mode (Buck).
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Charging Mode (Buck): Figure 12b shows the changes of i;1 and ir, when the duty cycle Dg; and
Dqp are adjusted. With the increase of the duty cycle, the inductor current decreases, and the power of
the branch circuit decreases.

5.3. Converter Efficiency and Conversion Ratio

Based on the experimental results, the converter efficiency and the conversion ratio are analyzed
and presented in this sub-section.

Discharging Mode (Boost): Figure 13a shows the curve of efficiency changing with output voltage
after changing the duty cycle and the curve of efficiency changing with output power after changing the
load. The calculated loss distribution of the experimental prototype is shown in Figure 13b. The main
losses are switching losses 9.59 W, anti-parallel diode losses 3.6 W, and inductor losses 2.874 W. As is
shown in Figure 13¢, the voltage conversion ratio changes with the duty cycle. When the duty cycle is
more than 0.7, the difference between the actual gain and the theoretical gain gradually increases as
the duty cycle increases.
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Figure 13. Discharging mode (Boost): (a) efficiency curves of the prototype; (b) loss distribution of the
prototype; (c) conversion ratio (M) vs. duty cycle (D) graph.

Charging Mode (Buck): Figure 14a shows the curve of efficiency changing with output voltage
after changing the duty cycle and the curve of efficiency changing with output power after changing the
load. The calculated loss distribution of the experimental prototype is shown in Figure 14b. The main
losses are anti-parallel diode losses 9 W, switching losses 4.38 W, and inductor losses 2.874 W. As is
shown in Figure 14c, the voltage conversion ratio changes with the duty cycle. When the duty cycle is
less than 0.3, the difference between the actual gain and the theoretical gain gradually increases as the
duty cycle decreases.
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Figure 14. Charging mode (Buck): (a) efficiency curves of the prototype; (b) loss distribution of the
prototype; (c) conversion ratio (M) vs. duty cycle (D) graph.

6. Conclusions

A multi-input-port bidirectional DC/DC converter for DC microgrid energy storage system
applications is proposed in this paper. Comprehensive analyses on the working principle and
performance of the proposed converter are given. Experimental results are presented, and it is verified
that, compared to the traditional buck and boost converter, the proposed bidirectional converter has
the following advantages: (1) a wider range of voltage conversion can be achieved and the voltage
stresses of the switches are lower; (2) the power flow of each port can be adjusted easily through the
controlling of duty cycles; (3) the number of input ports of the proposed converter can be expanded,
which makes it more applicable.
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Abstract: This paper presents the performance of a three-phase bidirectional isolated DC-DC converter
(BP-BIDC) in wye-wye (Yy), wye-delta (Yd), delta-wye (Dy), and delta-delta (Dd) transformer
configurations, using enhanced switching strategy that combines phase-shift modulation and
burst-mode switching. A simulation verification using PSCAD is carried out to study the feasibility
and compare the efficiency performance of the 3P-BIDC with each transformer configuration,
using intermittent switching, which combines the conventional phase-shift modulation (PSM) and
burst-mode switching, in the light load condition. The model is tested with continuous switching
that employs the conventional PSM from medium to high loads (greater than 0.3 p.u.) and with
intermittent switching at light load (less than 0.3 p.u), in different transformer configurations. In all
tests, the DC-link voltages are equal to the transformer turns ratio of 1:1. This paper also presents the
power loss estimation in continuous and intermittent switching to verify the modelled losses in the
3P-BIDC in the Yy transformer configuration. The 3P-BIDC is modelled by taking into account the
effects that on-state voltage drop in the insulated-gate bipolar transistor (IGBTs) and diodes, snubber
capacitors, and three-phase transformer copper winding resistances will have on the conduction
and switching losses, and copper losses in the 3P-BIDC. The intermitting switching improves the
efficiency of the DC-DC converter with Yy, Yd, Dy, and Dd connections in light-load operation.
The 3P-BIDC has the best efficiency performance using Yy and Dd transformer configurations for all
power transfer conditions in continuous and intermittent switching. Moreover, the highest efficiency
of 99.6% is achieved at the light power transfer of 0.29 p.u. in Yy and Dd transformer configurations.
However, the theoretical current stress in the 3P-BIDC with a Dd transformer configuration is high.
Operation of the converter with Dy transformer configuration is less favorable due to the efficiency
achievements of lower than 95%, despite burst-mode switching being applied.

Keywords: three-phase bidirectional isolated DC-DC converter; burst-mode switching;
high-frequency transformer configurations; phase-shift modulation; intermittent switching;
three-phase dual-active bridge

1. Introduction

The bidirectional isolated DC-DC converter (BIDC), also known as the dual-active bridge (DAB),
has become a research interest in recent years [1] for energy storage applications in electric vehicle and
renewable energy systems, and solid-state transformers in all-electric-aircraft and ship applications [2-7].
The advantages of a BIDC include bidirectional power flow, small filter components, low device
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and component stresses, small number of components, and buck-boost operation capability. Many
publications have focused on the efficiency improvement of the single-phase BIDC (1P-BIDC) [5,8-13].
However, there is increasing interest in the three-phase BIDC (3P-BIDC) due to the advantages of
higher power density, lower switching stresses on the components, minimal backflow power, and
higher efficiency compared to the single-phase BIDC [6,7,14-22].

Figure 1 shows the schematic diagram of the 3P-BIDC. It consists of a high-frequency three-phase
transformer with a turns ratio of N:1. Bridge 1 is the high-voltage side (HVS) and bridge 2 is the
low-voltage side (LVS). The DC-DC converter operates in the buck mode when power is transferred
from bridge 1 to 2, and in the boost mode when power is transferred from bridge 2 to 1.

P,
-—
Du g D g |Dis Tu| P2 1, Do | Ds
13 1 Vi1 Cn

x a|

HF
Du Tua D T D Transformer 122 Dz Tos D Tas Dss
Cu Cis Cn Cu Ca
Bridge 1 Bridge 2

Figure 1. A bidirectional isolated DC-DC converter topology.

Figure 2 illustrates that the HVS and LVS of the transformer can have Yy, Dd, Yd, or Dy
configurations. However, a typical configuration for the high-frequency transformer in the BIDC is Yy.
An isolated DC-DC converter with Yy transformer connection is shown to have low efficiency levels
when not operated in a DC-link voltage ratio of 1:1 [17]. The Dd transformer configuration possesses
the same symmetrical characteristics as the Yy transformer configuration and shares the same efficiency
characteristics. Symmetrical three-phase windings in Yy and Dd connections have no circulating
current flow in the transformer minimizing transformer loss. The 3P-BIDC can be operated in DC-link
voltage ratios other than 1:1 with minimized power loss over a wide range of power transfer when
the transformer configuration is Yd or Dy [15,16]. Moreover, the 3P-BIDC can operate in zero-voltage
switching across the full range of the output current within a certain DC-voltage ratio [15,16].
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Figure 2. Types of three-phase transformer configurations. (a) Yy. (b) Yd. (c) Dy. (d) Dd.

The improvement of efficiency in a 3P-BIDC is also achieved through different switching techniques
other than the traditional phase-shift modulation (PSM), such as asymmetrical pulse width modulation
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cascaded with single-phase shift control [7], triangular and trapezoidal modulation [18], and burst-mode
control strategies [6,13,17,20,23-26]. Nevertheless, the high-frequency (HF) transformer configuration
in those cases has been Yy connection. There has not been any extensive research based on the
performance of a 3P-BIDC that adapts the transformer configurations other than the conventional
Yy connection with other switching strategies. The authors of [6] presented experimental results of
the 3P-BIDC using burst-mode switching strategy in medium-load operation. However, burst-mode
switching did not improve the efficiency of the 3P-BIDC in medium-load operation. The authors
further analyzed the performance of the 3P-BIDC in different transformer configurations with the
conventional PSM technique [16]. There has been a lack of analysis of the 3P-BIDC in other transformer
configurations even though the burst-mode switching has been proposed in many studies [17,20,23-28]
and is suitable for light-load efficiency optimization in Yy configuration [27]. Since the potential of
further improving the efficiency of the 3P-BIDC is significant, there is a need to investigate the effects
of different HF transformer configurations in switching techniques other than PSM techniques, such as
the burst-mode switching technique in light-load conditions.

Burst-mode switching technique enables intermittent power transfer during a light-load operation
in single-phase and three-phase bidirectional isolated DC-DC converters [17,20]. The burst-mode
strategy is a method used to improve the light-load efficiency of power converters by minimizing
the switching losses. The method also significantly improves light-load efficiency of other types of
DC-DC converters [23-28]. In burst-mode strategy, the transistors are turned ON and OFF cyclically at
a certain fixed frequency to produce a burst of pulses that can be transferred to the output.

This paper presents the feasibility of operation and compares the efficiency performance of a
3P-BIDC with different HF transformer configurations, namely, Yy, Yd, Dy, and Dd, when it is operated
in continuous and intermittent switching. The 3P-BIDC is modelled in PSCAD by taking into account
the effects that on-state voltage drop in the IGBTs and diodes, snubber capacitors, and three-phase
transformer copper winding resistances will have on the conduction and switching losses, and copper
losses in the 3P-BIDC. Theoretical current stress and loss analyses of the 3P-BIDC in Yy and Dd
transformer configuration are also presented. The theoretical loss analysis is coherent with the loss
measured in the simulated model.

2. 3P-BIDC with Different Transformer Configurations and Different Power Transfer

The operating principles of the 3P-BIDC based on PSM is explained mode by mode in [17,21].
The power transfer equations used in this section are based on [1,15,16]. In this paper, the 3P-BIDC
in Yy, Yd, Dy, and Dd connection are designed to operate in a transformer turns ratio of 1:1. If the
DC-link voltage ratio deviates from the transformer turns ratio, the DC-DC converter will not perform
well. This type of analysis is presented in [17]. For the sake of simplicity, this paper only discusses the
comparison of the 3P-BIDC in different transformer configurations with the DC-link voltage ratios
equal to the transformer turns ratio.

2.1. Wye-Wye (Yy) Connection

Figure 2a shows the Yy connection at the HVS and LVS of the HF transformer, which is a typical
transformer configuration for the 3P-BIDC in Figure 1. The power transfer equation for the 3P-BIDC in
Yy connection for the phase-shift angle range of 0 < 6 <  is,

Po = Pry = 5o 25(3 - 7) 0

27‘[styy 3 2n

where V1 and V; are the HVS and LVS DC-link voltages, respectively, f is the continuous switching
frequency, 0 is the phase-shift angle between the ac phase voltages of bridges 1 and 2 in radians, N is
the transformer turns ratio, and Lyy is the per phase leakage inductance of the transformer in the
Yy connection.
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2.2. Wye-Delta (Yd) and Delta-Wye (Dy) Connection

Figure 2b presents the three-phase transformer in Yd connection. The HVS of the transformer is
connected in wye (Y) and the LVS of the transformer is connected in delta (d). The power transfer
equation for phase-shift angles in the range of 0 < 6 < £ is,

@

Py =Pyq =

ViNV, ( n)
6

2nflyq\ 6

Figure 2c presents the three-phase transformer in Dy connection. This connection is simply the
Yd connection operated in reversed direction. The LVS of the transformer is connected in delta (D) and
the HVS of the transformer is connected in wye (y). The power transfer equation for phase-shift angles
in the range of -5 <0 < 01s,

Po:PDy: VlNVZ (6 T[)

2nfiLpy 6

Since that the transformer configuration of Dy is the Yd configuration in reverse, the phase angle
is also the opposite of Yd. The leakage inductance of the 3P-BIDC in Yd and Dy connection designed
to operate in buck and boost mode is calculated in Equations (4) and (5) as,

©)

Lyq = Ly + N?Lg 4)

Lpy = N’Lp + Ly (5)

According to [15,16], the 3P-BIDC can operate under soft-switching mode when the DC-link
voltage ratio x is in the range of % <x<2and % <x< % for Dy and Yd configurations, respectively.

2.3. Delta-Delta (Dd) Connection

Figure 2d presents the three-phase transformer in Dd connection. Both the primary and secondary
side of the transformer are connected in delta connection. The phase shift equation is shown in
Equation (6) for phase-shift angles of 0 < 6 < § as,

VINV; 30
Po=Ppg = st ( ) (6)

27TstDd - E‘[

The leakage inductance, Lpq of the 3P-BIDC is equal to Lyy. The 3P-BIDC in Dd connection is
designed to operate with a DC voltage ratio of 1:1.

3. 3P-BIDC Simulation Model and Burst-Mode Strategy

In light-load conditions, the converter is operated in such a way that the PSM is combined with
burst-mode switching to generate an intermittent power transfer. In medium to high-load conditions,
only the PSM is employed. The PSM strategy is a continuous switching operation of the 3P-BIDC, while
the combination of PSM and burst-mode switching results in intermittent operation of the 3P-BIDC in
light-load condition.

Figure 3 presents the theory of generating the burst-mode signals. Note that 7 is the conducting
period and 7 is the non-conducting period of the burst-mode signal in percentage. The burst-mode
strategy is generated by multiplying two signals. The continuous signal of 20 kHz is multiplied with a
low frequency signal of 20 Hz. The product is an intermittent signal with a low frequency of 20 Hz.
If a 50 ms low frequency signal with a duty cycle of 30% is multiplied with a train of a 50 us signal of
duty cycle 50% each, 300 gate pulses with a period of 50 us and duty cycle 50% will last for 15 ms and
there will be no gate pulses for 35 ms, the average output power will be reduced.
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Figure 3. Generation of burst-mode signals by multiplying a continuous 20 kHz signal with one cycle
of 20 Hz signal with a conduction period, 71, of 30%.

Figure 4 presents the last two cycles of gating signals for T1; and Tp; that are transitioning from
the conducting period to the non-conducting period. The gating signals have a switching frequency of
20 kHz and are phase-shifted by 7/6. The burst mode signal in red has a frequency of 20 Hz. Therefore,
T11 and Ty; will be switching at 20 kHz when the burst mode signal is in the high state. The intermittent
operation is applied for power transfer less than 0.44 p.u. of the rated power.

Tll  ==sa=e T21

essmmmms Burst

0

Figure 4. Gating signals to switches Tq; and Ty; at 6 = 30° when multiplied with the burst signal.

The phase-shift angle ranges from 0 to 71/6 for power transfer from zero to the rated power using
continuous operation. Moreover, with the same phase-shift angle, when intermittent operation is
applied, the average DC output power is reduced.

Figure 5 shows the simulation model of the 3P-BIDC connected to a battery bank. The HF
transformer is varied according to Figure 2. The simulation model considers losses such as copper
and switching losses in order to represent a practical converter. The battery is modelled with an
internal resistance, Rin¢, of 5 m(). A resistor Rs is connected in series with the transformer to represent
copper loss in the transformer windings. On-state collector-emitter voltage of 1.85 V and forward
voltage drop of 2.17 V are considered in the IGBTs and diodes, respectively. The IGBT model number is
SKM75GB12V with maximum voltage and continuous current ratings of 1.2 kV and 114 A, respectively.

Table 1 shows the 3P-BIDC simulation model parameters. Each design differs in the value of
the DC-link voltages, range of phase-shift angle, and the leakage inductances. When the converter is
operated in Yd or Dy, the DC-link voltage supply that is connected to the wye side of the transformer
is supplied with 520 V and the DC-link voltage that is connected to the delta side of the transformer
is supplied with 300 V. This is to allow the 3P-BIDC to operate in buck and boost mode respectively.
The rated power of 3 kW is designed to be achieved at & = 71/6 for Yy and Dd connections. On the other
hand, the rated power of 3 kW is achieved at 6 = 7/3 for Yd and at 6 = 0 for Dy connections.
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Figure 5. Simulation model of the three-phase bidirectional isolated DC-DC converter (3P-BIDC) with
the Yy transformer connection.

Table 1. 3P-BIDC Circuit Parameters.

Parameters Symbol Values
Rated Power Pr 3 kW
. . 300 VoW
Dc-link voltage at bridge 1 Vi 500 VY
. . 300 V&Y
Dc-link voltage at bridge 2 Va 500 VW
Range of phase-shift angle 0 -5<0<7%
Switching frequency fs 20 kHz
Dc-link capacitors C1,Cy 3mF
Snubber capacitors C11—Co6 6 nF
Transformer turns ratio N:1 11
L Lo L 36.5 pH" (0.15 p.u)
Transformer leakage inductances/phase AT e 216 uHY (0.31 p.u)
36.5 uH" (0.15 p.u)
La, L, Lc

216 pHY (0.31 p.u)
Transformer winding resistance/phase Rs 15 mQ) (0.0005 p.u)

“ Applies to Yy and Dd configuration, ¥ Applies to Yd configuration, ¥ Applies to Dy configuration. " Based on
300V, 3 kW and 20 kHz. ¥ Based on 520 V, 3 kW and 20 kHz.

Considering the power transfer from bridge 1 to 2, the input (P;) and output (P,) power are
calculated as,
Py =Vih (7)

and
Py = Valp (8

where I; and I, are the average current at bridges 1 and 2, respectively. The efficiency of the DC-DC
converter is determined as the ratio of the input and output power. Note that, when the power is
transferred from bridge 2 to 1, Equations (7) and (8) can be interchanged.

4. 3P-BIDC Simulation Results

4.1. Operating Waveforms

This section presents the results obtained from the simulation of the 3P-BIDC model with
different transformer configurations operated in continuous and intermittent switching, in the
PSCAD environment. Table 2 presents the DC-link voltage at bridges 1 and 2 with different
transformer connections.
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Table 2. DC-link voltages at bridge 1 and bridge 2.

. Dc-Link Voltage Transformer Connection
Scenario
Vi (V) Va2 (V) HVS LVS
1 300 300 Wye Wye
2 520 300 Wye Delta
3 300 520 Delta Wye
4 300 300 Delta Delta

Figure 6a—d shows the AC voltage and current waveforms of phase A in bridges 1 and 2 in Yy, Yd,
Dy, and Dd transformer connections when the 3P-BIDC is operated using PSM at the rated power.
In Figure 6a, the voltage levels of 200 V and 100 V at bridges 1 and 2 correspond to vap = Uas = %Vl
and Vap = Vas = %Vl in Yy transformer configuration. AC root mean square (RMS) current of 10 A
flows in both the primary and secondary sides of the transformer. In Figure 6b, the voltage values
of 347 V and 173 V at bridge 1 correspond to vy, = %Vl and vap = %Vl, respectively. The voltage
value of 300 V at bridge 2 corresponds to vap = V5. The peak AC current of 5.2 A is seen on the HVS,
which is within the rated current of the converter. For the Dy connection, at the rated power of 3 kW,
the voltage value of 300 V at bridge 1 corresponds to v, = V1. The voltage values of 347 V and 173 V
at bridge 2 correspond to v,s = %Vz and v,s = %Vz, respectively. This results in a peak AC current
value of 6.6 A at HVS, well within the rated current. The DC-link voltage ratios are 0.58 and 1.73 when
the transformer is connected in Yd and Dy configurations, respectively. In Figure 6d, the voltage levels
of 520 V at both bridges 1 and 2 correspond to v,, = Vq and vag = V>.
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Figure 6. AC voltage and current waveforms of the 3P-BIDC in different transformer configurations
operating in phase-shift modulation (PSM) at the rated power. (a) Yy. (b) Yd. (c) Dy. (d) Dd.

Figure 7a shows the AC voltage waveform of the 3P-BIDC in Yy transformer configuration for a
full cycle of burst-mode with the conducting period of m = 30% and the non-conducting conducting
period of n = 70% at 6 = Z. Figure 7b shows the time-expanded waveform of Figure 7a from the
final conducting period to the non-conducting period. During the non-conducting period, AC voltage
shows a time decaying oscillation with the maximum voltage of 50 V and the rms voltage of 35.4 V.
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Figure 7. AC voltage waveform of the 3P-BIDC in Yy transformer connection using burst-mode. (a) At
5 = 71/6. (b) Time-expanded waveform of (a).

4.2. Efficiency in Various Transformer Configurations

This section presents the light-load efficiency performance of the 3P-BIDC. The efficiency
improvement that compares between continuous and intermittent mode is observed and evaluated at
light-loads of 0.12 p.u. and 0.24 p.u. of the rated power.

Figure 8 presents the relationship between the phase-shift angles of —% < 6 < § and the output
power between +1 per unit, for charging and discharging power. It can be seen that the phase -shift angle
required to achieve the output power from 0 to 1 p.u. changes with different transformer connections.
The power is transferred from primary side to secondary side in Yy and Dd transformer connections
when 0 < 6 < £. The rated power is achieved at 6 = %. In Yd and Dy configurations, the power is
transferred from the primary side to the secondary side when § < 6 < £ and —% < 0 <0, respectively.
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Figure 8.  Phase-shift angle versus output power curve of the 3P-BIDC with different

transformer configurations.

Figure 9 presents the efficiency versus output power curve of the 3P-BIDC with various transformer
configurations in the continuous operation. The 3P-BIDC in Yd configuration achieved higher efficiency
below 0.28 p.u. and above 0.81 p.u. of the rated power as compared to the other transformer
configurations. The figure also shows that at 0.12 p.u. the efficiency of 3P-BIDC in Yy configuration is
83.6% and in Yd configuration it is 89.4%. Moreover, at 0.20 p.u., the efficiency of the 3P-BIDC in Yy
configuration is 90% and in Yd configuration it is 93%. There is a significant drop in efficiency in the
3P-BIDC during light-load operation (<0.3 p.u.) for all transformer configurations. The 3P-BIDC has
poor efficiency when connected to the Dy transformer.
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Figure 9. Efficiency versus output power curve of the 3P-BIDC with different transformer configurations
in continuous operation.

Figure 10 presents the improvement in 3P-BIDC efficiency of different transformer configurations
when intermittent switching is employed. Figure 10a shows that when the 3P-BIDC is connected in Yy
or Dd transformer configuration, higher efficiency is achieved with m = 30% compared to m = 10%
from power 0.12 p.u. to 0.3 p.u. in terms of improving the converter efficiency. An efficiency as
high as 99.6% is achieved at the power transfer of 0.29 p.u when intermittent operation is employed
with m = 30%. Figure 10b shows that in Yd transformer configuration, the 3P-BIDC efficiency using
intermittent switching with m = 10% is higher compared to m = 30% from power transfer of 0.12 p.u. to
0.21 p.u. For example, at the power transfer of 0.16 p.u., the efficiency of the 3P-BIDC with intermittent
switching m = 10% is 96%, whereas the efficiency of the 3P-BIDC with m = 30% is 94.1%. At the
power transfer of 0.22 p.u., it is seen that the efficiency of the 3P-BIDC with m = 30% outperforms
the efficiency of the 3P-BIDC with m = 10%. At the power transfer of 0.29 p.u., the efficiency of
the 3P-BIDC with m = 10% is 95.7%, whereas the efficiency of the 3P-BIDC with m = 30% is 97%.
Figure 10c shows that the 3P-BIDC in Dy transformer winding configuration obtained higher efficiency
improvements with m = 10% at the power transfer of 0.03 p.u. to 0.25 p.u. For example, at the power
transfer of 0.18 p.u., the efficiency of the 3P-BIDC with m = 10% is 90.3%. At the power transfer of
0.25 p.u., m = 10% reached the maximum range of 6 = % and the intermittent switching is operated
with m = 30%. The overall efficiency of the DC-DC converter in Dy transformer configuration is
low compared to the efficiency performance of the DC-DC converter in Yy, Dd, and Yd transformer
configurations, which are above 95% in the light-load conditions. The authors of [6] showed that no
improvement in efficiency of the 3P-BIDC is achieved when the converter is operated in intermittent
switching for medium load. However, the simulation results in Figure 10 show that the efficiency of the
3P-BIDC significantly improved during light-load operation with intermittent switching. Therefore,
the intermittent switching is suitable for light-load operation of the 3P-BIDC.
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Figure 10. Efficiency versus output power curve of the 3P-BIDC with different transformer

configurations in light-load conditions of less than 0.3 p.u. (a) Yy and Dd. (b) Yd. (c) Dy.

Tables 3 and 4 summarizes the efficiency improvement and power loss reduction of the 3P-BIDC
with Yy, Yd, Dy, and Dd transformer configurations that are observed at light-load power transfers
of 0.12 p.u., 0.24 p.u., and 0.29 p.u, accordingly. As shown in Table 3, the efficiency improvements
of the 3P-BIDC achieved in Yy and Dd transformer configurations at light-load power transfers of
0.12 p.u, 0.24 p.u, and 0.29 p.u are higher compared to the efficiency improvement achieved in Yd
transformer configuration. The DC-DC converter in Dy transformer configuration achieved high
efficiency improvements. However, the overall efficiency remained below 95% in intermittent switching.
Table 4 is consistent in showing that the DC-DC converter achieved the highest power loss reduction
in Dy transformer configuration at light loads. However, the power loss of the DC-DC converter in
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Dy transformer configuration when in intermittent operation is higher than the power losses of the
DC-DC converter in Yy, Dd, and Yd transformer configurations.

Table 3. Efficiency improvement with continuous and intermittent operation in different
transformer configurations.

Transformer Configurations

Po (pw) Yy and Dd Yd Dy
ici o ici o ici o
Efficiency (%) Ex (%) Efficiency (%) Ey (%) Efficiency (%) Ex (%)
A B A B A B

95.6 93.5 87.0

0.12 83.6 (1 = 30%) 12 89.6 (1 = 10%) 3.9 67.0 (1 = 10%) 20
99.2 97.0 90.9

0.24 92.6 (1 = 30%) 6.6 94.9 (1 = 30%) 21 81.8 (1 = 10%) 9.1
99.6 97.3 91.2

0.29 96.0 (m = 30%) 3.6 96.0 (m = 30%) 13 87.8 (m = 30%) 34

A—Continuous mode, B—Intermittent mode, E; (%)—Efficiency improvement as a percentage.

Table 4. Power loss reduction with continuous and intermittent operation in different
transformer configurations.

Transformer Configurations

Yy and Dd Yd Dy
P, (p.w
Power Loss (p.u.) Pir Power Loss (p.u.) Pir Power Loss (p.u.) Pir
A B (p.u.) A B (p.u.) A B (p.u.)
0.006 0.010 0.02
0.12 0.024 (1 = 30%) 0.018 0.014 (1 = 10%) 0.004 0.049 (1 = 10%) 0.029
0.002 0.008 0.02
0.24 0.018 (1 = 30%) 0.016 0.014 (1 = 30%) 0.006 0.048 (1 = 10%) 0.028
0.001 0.008 0.03
0.29 0.013 (1 = 30%) 0.012 0.014 (1 = 30%) 0.006 0.044 (1 = 30%) 0.014

A—Continuous mode, B—Intermittent mode, Py r (p.u)—Power loss reduction in per unit.

The 3P-BIDC has the best performance when operated with Yy and Dd transformer configuration
with a DC voltage ratio that is equal to the transformer turns ratio. The Yd transformer configuration
may also be suitable for applications with different DC voltage ratios such as 520 V and 300 V. On the
other hand, the Dy transformer configuration is unfavorable due to the efficiency achievements of
lower than 95% despite intermittent switching being applied. Note that this paper has not observed
the efficiency performance of the 3P-BIDC when the DC voltage ratio of the 3P-BIDC is not the same as
the transformer turns ratio.

4.3. Analysis of Current Stress in Transformer and IGBT Switches

A stress analysis was conducted on the modelled three-phase transformer and switches to compare
the amount of current stresses on each of the different transformer configurations with the turns ratio
of 1:1. This section theoretically analyses the current stress in the transformer and switches of 3P-BIDC
in different transformer configurations, based on the method in [15]. This theoretical analysis is then
compared with the simulation results.

Table 5 shows the equations used to theoretically calculate the transformer rms current and the
switch rms and transient currents in the 3P-BIDC in the various transformer configurations. The variable
d represents the voltage conversion ratio. In this analysis, d is always equal to 1. This shows that the
voltage conversion ratio is equal to the transformer turns ratio in all transformer configurations.
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Table 5. Transformers RMS current and switch RMS and transient currents.

Transformer Range of Phase
. . . IT"“s ZIrms ZISW
Configurations  Shift Angle (rad)
Y 0<o<% - ., 2, vy
y 3 V2Bmaly 1 \V2A3wlyy ¢ Ly [P1
Yd 0<o<% R (B3)vy 2
3 Vool ! Yolye M ozl
D I <§5<0 Vi (3+V3)Vi . I 2V,
Y 3 VoBralo, ! Talny /1 Falny |11
Dd 0<6<Z Vi __ 2Vi
=3 9 VnwLpq 1 V243nwlpg n |3“’LDd |P1

Figure 11 presents the different current stresses in the transformers and switches versus the output
average current of the 3P-BIDC in per unit terms based on the converter rated current. In Yy, Dd,
and Dy, the base current is 10 A and in Yd, the base current is 6 A. The base current is multiplied by 2
for analysis that involves summation of currents in both sides of the converter.

This analysis is conducted for the power transfer range of 0 to the rated power, where the average
current at the DC side ranges between 0 and 1 p.u. Figure 11a shows the rms phase current of the
transformer. It is shown that the current stress increases significantly with the output average current
in Dd transformer configuration. It exceeds the rated current at the output average current of 0.76 p.u.
Figure 11b shows the summation of the rms current of one phase in bridges 1 and 2, which is used to
determine the conduction current stress on the semiconductor switches. The rms current stress of the
switches exceeds 1 p.u. from very low output current for Yd, and from output current of 0.42 p.u. for
Dd transformer configurations.

The Yy transformer configuration results in lowest conduction current stress on the switches.
Figure 11c shows the summation of the current of one phase in bridges 1 and 2 during a switching
instant. The Yd and Dy transformer configurations are the least sensitive to the changes in output
average current. However, the rms current stresses in the transient modes of the 3P-BIDC in Yd,
Dy, and Dd transformer configurations exceed 1 p.u. for all output current range, which indicates
high switching current stress for those transformer configurations. The switching current stress in Yy
transformer configuration is the lowest of all the four types of transformer configurations and does not
exceed the rated current except only after 0.82 p.u. of average output current. Therefore, it can be seen
that the Yy transformer configuration is most suitable for 3P-BIDC in terms of low current stress when
dis1.
where

’

= \/n3(5d2 —10d +5) + d(-2783) + 54%m, p1 = |21 +d(36 — 2)| + [36 + 27 (d - 1)

my = \Jr2(1582 ~ 154 + 5) + d(8152 ~ 276m), g1 = n(‘d— %‘ - 1|),

= \/n2(5d2 —15d 4 15) + d(8162 4 276m), q1 = n(|d —2l+ |2?d - 1')
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Figure 11. Current stresses in 3P-BIDC. (a) Transformer rms phase current. (b) Summation of the rms
currents in one phase of bridges 1 and 2. (c) Summation of currents at switching instants in one phase

of bridges 1 and 2.

49



Energies 2020, 13, 2836

Figure 12 presents the comparison of the theoretical analysis and the simulated analysis of the
3P-BIDC in Yy transformer configuration. In Figure 12a, the stress analysis in the rms current of the
transformer in the simulation differs only by 1% to the theoretical results. Figure 12b shows that the
highest error percentage of the analysis is 8% by comparing the summation of the rms currents in the
switches that corresponds to one phase of bridges 1 and 2.
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Figure 12. Comparison of theoretical and simulation results of current stress analysis. (a) Transformer
rms current. (b) Summation of rms currents in one phase of bridges 1 and 2 of the 3P-BIDC.

5. Power Loss Estimation

This section presents the estimated power loss distribution and calculation details of the 3P-BIDC
at light-load conditions of 0.12 p.u. and 0.34 p.u. of the rated power in the continuous mode of
operation and comparing it with the light-load conditions of 0.12 p.u. and 0.34 p.u. of the rated power
with a Yy transformer connection. The types of losses considered in the simulation model are copper
losses, conduction losses, and snubber losses. Note that snubber losses are not considered in the power
loss calculations in intermittent operation.

5.1. Distribution of Losses

5.1.1. Copper Loss

The transformer winding resistance is modelled as 15 m() in each phase of the transformer. The
winding resistance give rise to practical copper loss in the windings of the transformer. The total
copper loss is calculated as,

Pey = 3[L°Ry + 1o7Ro ©)

The rms current across the LVS, I} and the rated current across the HVS, I at 0.12 p.uis 1.2 A.
Therefore, the total copper loss is 0.13 W.

5.1.2. Conduction Loss

Conduction loss includes loss during the conduction of an IGBT and a diode of the model
SKM75GB12V. In every switching cycle, only three switches and three diodes conduct. The conduction
loss of the 3P-BIDC is calculated as,

Peont = 3(Ve + V) (Tavg) (10)

where Vg is the on-state collector-emitter voltage of the conducting IGBT, V is the forward voltage
drop of the conducting diode, and Iayvg is the average current.
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5.1.3. Snubber Loss

The 3P-BIDC is assumed to have snubber loss if zero-voltage switching (ZVS) is not achieved.
The snubber loss is calculated as,
Panup = XCs V2 f5 (1)

where X is the number of switches that is involved in snubber loss and V) is the DC-link voltage at the
secondary side.

The converter operated at 0.12 p.u. is assumed to have hard-switching in bridge 1. Therefore,
the number of switches that experience snubber loss, X, is 6. Since ZVS occurs at 0.34 p.u., the snubber
loss is neglected.

5.1.4. Switching Loss

In practical conditions, the turn-off switching loss is not negligible. If ZVS turn on is achieved,
turn-on switching loss is negligible. The average turn-off switching loss is directly proportional to the
square of the switching current and the switch current fall time [29],

Pow = L Iow? 12)
48Cs

where Igy is the turn-off switching current and Tyis the switching current fall time. However, in the
simulation, only on-state voltage drop and diode forward voltage drop are considered. Therefore, T¢
is very short, rendering the switching loss negligible.

5.1.5. Total Power Loss

The total power loss Py o in the 3P-BIDC is calculated as the summation of copper Pey, conduction
Peond, and snubber Pg, losses,
Pross = Peu + Peond + Psnub (13)

The total estimated power loss at 0.12 p.u. and 0.34 p.u. at the rated power is 74.7 W (0.025 p.u.)
and 25.3 W (0.008 p.u.), respectively.

5.2. Numerical Calculation of Losses

This sub-section provides the numerical calculation of losses in the 3P-BIDC at the power transfer
of 0.12 p.u. and 0.34 p.u. at the rated voltage. The power loss is calculated when only PSM and
intermittent operation are employed. From Figure 10, it can be seen that the onset of ZVS is around
0.34 p.u. of power transfer. Hence, no snubber loss is accounted for at the power transfer of 0.34 p.u.

5.2.1. Power Loss at 0.12 p.u (8 = 4°) in Continuous Mode

e  Copper loss

Pey = 3[[12Ry + 2Ry |
Pey = 3[1.22(0.015) + 1.22(0.015)
= 0.13 W (0.000043 p.u..)

e  Conduction loss

Peona = 3(VCE + VF)(Ian)
Peond = 3(1.85 4 2.17)(0.816)
=9.8 W (0.0033 p.u.)

e  Snubber loss
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Psnub = XCstsz
P = (6)(6x1077)(300)*(20 x 10°)
=648 W (0.0216 p,u.)
Pross = Peu + Peond + Psnub
=0.13W+98W 4 64.8 W
=7473 W (0.025 p.u.)

5.2.2. Power Loss at 0.34 p.u. (5 = 10°) in Continuous Mode

e  Copper loss

Pey = 3[[12R1 + 122R2]
Pey = 33.63(0.015) +3.63%(0.015)]
=1.19 W (0.0004 p.u.)

e  Conduction loss

Peond = 3(VCE + VF)(Ian)
Peond = 3(1.85 +2.17)(2)
=24.12 W (0.008 p.ui.)
Pross = Peu + Peond + Psnub
=119W +2412W +0W
=25.31 W (0.008 p.ui.)

The losses in intermittent operation are calculated with the same equation as in continuous operation.
However, since that this intermittent operation is carried out with m = 30%, the calculated total power
loss is multiplied by a factor of 0.3. The phase-shift angles to achieve the power transfer 0.12 p.u. and
0.34 p.u. in the intermittent operation are higher than when only continuous operation is employed.

5.2.3. Power Loss at 0.12 p.u. (6 = 7°) in Intermittent Mode

e  Copper loss

Pey = 3[[12R1 + IZZRZ]
Pey = 3[1.182(0.015) + 1.182(0.015)
=0.125 W (0.000042 p...)

e  Conduction loss

Peond = 3(VCE + VF)(Ian)
Peond = 3(1.85+2.17)(1.4)
=16.9 W (0.006 p.u.)

e  Snubber loss
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Psnub = XCSVbzfs
P = (6)(6x1077)(300)*(20 x 10°)
=648 W (0.0216 p.u.)

Pross = Peu + Peond + Psnub
=0.13W +98W +64.8W
=7473W (0.025 p.u)

Pross = 0-3[Pcu + Peond + Psnub]
=03[1.125W + 169 W + 64.8 W]
=24.5W (0.008 p.u.)

5.2.4. Power Loss at 0.34 p.u. (5 = 19°) in Intermittent Mode

e  Copper loss

Pey = 3[[12Ry + LRy |
e = 3[4.92(0.015) + 4.92(0.015) |
=2.16 W (0.00072 p.u..)

e Conduction loss

Peona = 3(Vce + Ve) (lavg)
Peond = 3(1.85 +2.17)(2.8)
= 33.8 W (0.0071 p.u.)
Pross = 0-3[Pcu + Peond + Psnub]
= 03[216 W+33.8 W + 0 W]
=10.77 W (0.004 p.u.)

Considering the Yy transformer winding configuration, Figure 13 presents the calculated total
loss, compared with the total loss measured from the simulation model, in continuous and intermittent
mode of operations focusing on the power levels 0.12 p.u. to 0.34 p.u. The figure shows that the
minimum power loss is obtained at the power transfer of 1.02 kW, which also indicates the onset of
ZVS [19], hence snubber loss can be negligible.
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Figure 13. Output power versus power loss of the 3P-BIDC in continuous mode and intermittent mode
during light-load condition with Yy transformer configuration.
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Figure 14a,b presents the copper, conduction, and snubber losses in per unit terms in the continuous
mode of operation. The copper loss increases as the output power increases. This is because there is a
higher rated current flow through the transformer, resulting in higher I’R losses.
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Figure 14. Power loss distribution of the 3P-BIDC in continuous operation; snubber, copper, and

conduction losses at (a) 0.12 p.u. (b) 0.34 p.u.

Figure 15a,b presents the copper and conduction per unit losses in intermittent operation. It is
shown that the intermittent operation applied at 0.12 p.u. and 0.34 p.u. reduced the amount of losses
by 3—4%. This is because the number of switching cycles are reduced, therefore reducing the total
losses in the output.
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Figure 15. Power loss distribution of the 3P-BIDC in intermittent operation; copper loss and conduction
loss at (a) 0.12 p.u. (b) 0.34 p.u.

6. Conclusions

This paper presented the operational feasibility and efficiency performance evaluation of the 3 kW
3P-BIDC in Yy, Yd, Dy, or Dd transformer winding configuration using the combination of PSM and
burst-mode switching to improve the low power transfer efficiency of the converter. The 3P-BIDC
achieved the highest efficiency performance in Yy and Dd transformer configurations in light-load
power transfers in intermittent operation. However, the Yd transformer configuration is suitable and
can result in high efficiency when the DC voltage is not equal on either side of the 3P-BIDC. It is not
preferred to operate the 3P-BIDC with a Dy transformer connection as it results in the overall poorest
3P-BIDC efficiency performance amongst the other transformer configurations. The theoretical current
stress analysis shows that the 3P-BIDC operated with Yy transformer configuration results in the
lowest current stress in the transformer and switches. Moreover, the loss analysis is comparable to the
stress and loss measured in the simulation model for the 3P-BIDC in Yy transformer configuration.
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Abstract: In this article, the practical comparison of the operational performance of the modular
(or multiport) and non-modular bidirectional buck/boost (bi-BB) DC/DC converter is realized.
The main contribution of the work is the evaluation of both concepts based on various aspects,
considering the qualitative indicators of the systems relevant for microgrids. Here, we discuss
efficiency, electrical properties, costs, and component values. At the same time, critical comparisons
are provided for converters based on SiC and GaN technology (non-modular high-voltage SiC-based
dual-interleaved converter and modular low-voltage GaN-based). The concepts are specific with
their operating frequency, whereby for each solution, the switching frequency is different and
directly influences relevant components. The efficiency, overall system volume, output voltage ripple,
and input current ripple are compared mutually between both concepts with a dependency on power
delivery. These factors, together with overall volume and costs, are very important considering
modern converters for microgrid systems. The summary of pros and cons is realized for each of the
proposed converters, whereby the evaluation criterion is reflected within the electrical properties
targeting microgrid application.

Keywords: bidirectional converter; high efficiency; GaN; SiC; buck-boost converter; high
switching frequency

1. Introduction

Electricity generation, transmission, and distribution are being revolutionized due to various
economic, technical, and environmental reasons. A microgrid (MG) is among the new technologies that
have attracted great attention recently. The existing centralized grid system is actively being replaced
by distributed energy resources located closer to consumers to meet their requirements effectively and
reliably. A microgrid is a modern distributed power system using local, sustainable power resources
designed through the various smart grid in initiatives. Energy resources such as small capacity hydro
units, wind turbines, and photovoltaic systems, in cooperation with energy storage systems, are within
MG for electrification. Here, we discuss mainly households where grid electricity access is not simple
due to poor access to remote areas or technical skills [1-4].

A DC-based microgrid is one of the proposed architectures for geographically remote users.
The considered architecture can investigate the performance and feasibility of a DC-based microgrid for
the small domestic area, as illustrated in Figure 1. In this model, several types of sources, such as solar
energy, a wind power generator, or an energy storage system (ESS), are connected to the DC distribution
node. Each energy source is connected to a common DC node through a relevant power converter.
For example, a wind generator uses an AC/DC isolated PFC converter; solar panels use MPPT boost
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converters; and ESS is mostly equipped by bidirectional buck/boost topology to deliver energy into DC
distribution bus. The DC bus is connected to different types of load, which may require power in the
form of DC or AC and can be achieved by using DC/DC buck or DC/AC converters [5,6]. Decentralized
energy sources can also be considered in the context of electric vehicle batteries, which can also serve
as an energy storage system if needed. For such distribution and proper cooperation of individual
ESSs, the network must allow bi-directional power flow between them and even between them and
DC bus [7,8].

Wind AC
turbine DC
Solar DC
panels DC
DC .
AC AC Grid |

Battery
pack

L]

| Upper-level contoller |

Figure 1. Typical structure of power electronics-based DC microgrid.

Bidirectional energy flow between the DC bus and ESS can be secured by a wide spectrum of
power converter topologies, among which the buck/boost converter is mostly utilized due to definitions
on input/output operational parameters [8-11]. Even bidirectional buck/boost (bi-BB) topology exhibits
many variations (considering isolation, soft-switching, etc.); it is recommended to utilize the robust,
reliable, redundant, and efficient solution. Simultaneously, such a solution shall not require high
investments and cost for design and development [12-16].

Due to the mentioned fact, this paper focuses on the more detailed investigation and analyses of
standard bidirectional buck/boost converter (two alternatives). At the same time, the main criterion of
the evaluation is reflected within efficiency performance, costs, and input/output ripple of electrical
variables. Here, an interleaved non-modular solution of a bi-BB converter equipped with SiC technology
is compared to modular solution equipped by GaN transistors. Concepts differ in power semiconductor
technology; thus, operating frequency and power level of individual modules comprising the whole
converter system are specific for both types. For the evaluation of pros and cons, specifications on
operational parameters have been defined considering DC microgrid subpart ESS-BiBB converter-DC
bus. Due to purposes of laboratory testing, the converters are prototyped in a reduced power ratio, i.e.,
1:10 related to power delivery and electric stress (reflected in power losses). A detailed evaluation of
both technological concepts is provided, while key evaluation criteria are subjected to the main specifics
of the microgrid systems (concept flexibility, complexity). The major contribution is focused on the
mutual evaluation of SiC technology and GaN technology from the perspective of the application
scope. In contrast, such evaluation concerning the functionality of the target application was not
carried out in detail in already published studies [17-21].
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2. Bi-BB Converter from Non-Modular to Modular Topology—Properties Analysis

For the purposes of the analyses related to the design of a microgrid’s ESS power converter
system, the focus is given on the determination of electrical properties of non-isolated bidirectional
buck/boost alternative, whose principal diagram is shown on Figure 2 [4]. Since interleaved topologies
are becoming increasingly utilized due to the number of positives, here we consider dual interleaved
bi-BB converter as non-modular topology (Figure 3). The modular concept of n-modules will be
composed of standard bi-BB converter (Figure 3), while the means of the connection of input/output
terminals is described later within text.

Wl 1 1
LBl ™ ™
I

— —1 —¢
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—/ =
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(e}
o

Figure 2. Operational properties of bidirectional buck/boost converter (left) and its circuit diagram
(right).

VDUT

Cour]

(@) (b)

Figure 3. Circuit schematic of non-modular interleaved bi-BB converter (a) and circuit schematic of
one module for the modular solution of bi-BB converter (b).

Investigation of the waveforms of voltages and currents might be considered for the output and
input parts of the converter as well. Regarding current ripples, they influence the effective value
of current of the output capacitor, what affects its lifetime. Therefore, analyses according to current
ripples must be provided if the optimized operation of the converter is the target [22-24].

Current/Voltage Ripple Dependencies

One module of the modular converter and one two-phase non-modular converter is depicted in
Figure 3. The difference in the modular and non-modular converter is that the modular converter has
modules connected in series, i.e., outputs are connected in series, and input sources are independent of
each other. On the other side, the connection of modules in a non-modular converter is in parallel.
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The assumption is that the inductor current is continuous in cases where the converter works in a
boost or a buck mode, as shown in Figure 2. In a steady state, the inductor current is the sum of the
DC and AC parts. If the condition of minimal value of input capacitor Equation (1) is satisfied [25],
the input current drawn from the battery is constant. In this case, the AC component is provided by
the capacitor current. Then, the AC component is equal to the ripple of the inductor current, Equations
(2) and (3) [17], which are valid for the boost and a buck converter, respectively.

Al
C,ip = ——Lt 1
min S'fswAVCIN ( )
1%

Aliy = Al = Ay, = LfﬂD )

sw

Vour -V

ALy = Al = Al = %D Q)

sw

where C,,;, is the minimal value of input capacitance, fs, is the switching frequency, AV¢y is the
voltage ripple on the input capacitor, Aljy, Al and Alcpy are the values of the ripple of the input
current, the inductor and the input capacitor, respectively, Vi is the input supply voltage, D is the
duty cycle, and Voyr is the value of the converter output voltage.

The inductor current ripple, Equation (2), is dependent on the input voltage (battery voltage), duty
cycle, inductor value, and the switching frequency. A modular converter, unlike a non-modular one,
has separate input sources. A non-modular converter has one input source or input source connected in
series (e.g., serially connected battery packs). It means that the input voltage is much lower in the case
of a modular converter, and therefore the current ripple is much smaller. This fact significantly reduces
the ripple of the input current. Therefore, an inductance with a much smaller value is enough to
maintain the same input ripple in comparison to the non-modular solution. For example, the n-module
modular converter is used, and n-series connected battery packs are used for the non-modular case,
the inductor value should be n times lower for the maintenance of the same current ripple.

The character of the input capacitor current for both converters is triangular, not impulse. Therefore,
the impact on a voltage ripple is smaller than in the case of the impulse current. The input voltage
ripple is dependent on an AC component of the inductor current and ESR of the battery pack and
input capacitor. However, due to DC current drawn from the battery, as was mentioned earlier, and the
parallel-connected battery pack with high capacity to the input capacitor, the input voltage ripple
is negligible.

The topology of the non-modular converter is classical interleaved bidirectional buck/boost
converter. In the case of interleaved topology, it is possible to achieve a state when the input current
rippleis zero due to current ripple cancelation between parallel-connected phases [26-28]. This situation
is depicted in Figure 4, [29]. The ratio between the input current and the inductor current is shown.
It is an advantageous property in cases where the operation of the converter is at or around the desired
duty cycle. In the case of a four-phase converter, the desired duty cycle is 0.25, 0.5, and 0.75. Ideally,
the input voltage ripple is also zero or almost zero. It can be seen from Figure 4 that the ripple of
the input current is smaller over the entire range of the duty cycle (A}, is also inductor current of
the modular converter). This statement applies under the condition mentioned above, and the input
voltage is the same for the modular and non-modular converter. A more detailed explanation of a
current ripple for the interleaved topologies is given in Appendix A.
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Figure 4. The input current ripple cancellation for 2-,3- and 4-phase interleaved converter, [30].

For a better image of the current and voltage ripple cancellation at the output of the modular
converter, the simplification of the converter must be performed. If we simplify the given converter by
the replacement of the output series-connected capacitor with one capacitor, then the current to this
capacitor is continuous and does not have a pulse character (only triangular) during operation for up
to 87.5% of the duty cycle. This operational mode is valid for modular concepts; thus, it meets this
criterion. The value of the capacitor is then n times lower, and ESR is n times higher. The load current
of the simplified converter (conventional bi-BB converter) is equal to the effective value of the capacitor
current of the one module in the modular converter. The ripple of the output capacitor current is as
follows:

Vour = Vin
Alc = ——— 4
c 8L o )
An explanation of the simplification and calculation of the output current ripple is given in

Appendix B.

In the case of the non-modular converter, the output capacitor current is continuous when the
value of the duty cycle is above 50%. Otherwise, the current has a pulse character, and the ripple is
much higher. Therefore, the utilization of a modular converter is a better solution because the current
ripple cancelation is within the wide operational range of the converter. The voltage ripple calculation
is performed according to Equations (4) and (5), respectively [17].

Al

AVe =
€7 Clau

®)

3. Bi-BB Converter Design Guideline Considering Components Selection and Costs

Since the design of the bi-BB converter must be adjusted to the nominal parameters of the target
application, the input specifications are exactly defined (Table 1). The target application is considered
as a low-power installation of a smart-grid node within the family house. The primary source of
energy from renewable energy types is the photovoltaic block (Figure 1), which supplies the MPPT
converter, whose output supplies the DC bus with 600 V of nominal voltage, which represents the
input side of the bi-BB converter. For the modular system, the input voltage is divided between the
serial connection of the modular converter blocks (Figure 5).
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Table 1. Operational parameters of target application reflecting the situation from Figure 1.

Parameter Value
Output voltage range from PV panels ~ 500-560 V DC
Output power from PV panels 10 kW peak
Output voltage (DC bus voltage) 600 V DC
Output MPPT converter power 10 kW peak
Inkn ] InV Z
I v~
I v ]
4
50V I 600V UnV ! 600V
T v
I TS

Figure 5. Block diagram of non-modular converter concept (left) and modular converter concept (right).

The input voltage for both concepts shall be 600 V, thus for the non-modular solution, the output is
single. In contrast, the modular solution is characterized by the serial connection of the input terminals
of the individual converters. The output of bi-BB supplies energy storage components (battery pack).
At the same time, the non-modular concept is defined by 520 V of single output voltage, whereby the
modular concept has an n-independent low-voltage output connected to ESS. The advantage of a
modular concept is the possibility of active battery management provided by individual modules of
the concept, as it has an independent output connected to batteries. It improves power management
and prolongs life expectations, as discussed in [30,31]. The non-modular solution shall be equipped by
additional active/passive balancing units if required.

Focusing on the circuit component selection, the modular system may be based on the GaN
technology of the semiconductor components. Such a solution is suitable due to the division of the
power and voltages to separate individual modules in reduced merit. It also enables us to increase
switching frequency several times. Such an approach might reduce the dimensions of used components
(magnetic components, capacitors, PCB). Thanks to lower dimensions, it is possible to design converters
with smaller PCB, while the volume of a complex modular system would be smaller compared to the
non-modular system. Operational parameters of the non-modular system predetermine SiC technology
as the main switching component. The switching frequency for these components can be higher
compared to standard Si transistors, whereby, considering high voltage and power levels, it is not
recommended due to efficiency reduction. Next, Equations (6)—(8) were used for the determination of
the values of the main circuit components (Figure 3) affecting the converter volume.

Figure 6 shows the 3D dependency of the values of inductor L and filter capacitor Coyr received
using (6)—(8) for the situation when the number of modules and switching frequency vary [17]. At the
same time, input/output parameters are relevant for individual module count.

L[H] _ Vin (Vaut - Vin)
AiL Iout_max few Vout

(6)
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where V;, is the input converter voltage (V), V,u is the output converter voltage (V), fs is the switching
frequency (Hz), Aij is the ripple of inductor current (%), and Loyt _may is the maximum output current
(A).

D[o/o] —1_ Vinfmin (7)

out

where Vi, iy is the minimum input converter voltage (V), and V,; is the output converter voltage (V).

Iout_max D (8)

COM[H B AVnut fsw Vout

where Iput_pax is the maximum output current (A), D is the duty cycle (%), fsw is the switching frequency
(kHz), AV, is the ripple of the output voltage (%), and V,,; is the output voltage (V).
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Figure 6. Three-dimensional dependency of the value of inductance L (a) and the value of capacitance
C (b) on switching frequency and number of converter modules.

It must be noted that the interpretation considers one module situation. For the whole modular
solution, the result must be multiplied by the relevant number of the considered modules.

Table 2 shows input/output parameters that have been included within the calculation of the L
and Coyr if real operational conditions are valid. At this point, the need for semiconductor devices
is considered for various scenarios. It is seen that for the non-modular solution, a high voltage SiC
transistor module is needed. For two and four modules, high-voltage GaN transistors (650 V) must be
used, while for a higher number of modules, it is allowed us to utilize 100 V GaN transistors.

Table 2. Table of input/output variations for various bi-BB concepts dependent on Nr. of modules.

Output Input Output

Module Count  Voltage Voltage Power ‘(/\%S (11]:) ﬁ:‘)(s;)“
V) V) W)
1 (nonmodular) 520 600 10,000 1200 (SiC) 30 75
2 260 300 5000 650 (GaN) 30 55
4 130 150 2500 650 (GaN) 30 55
8 65 75 1250 100 (GaN) 30 15
16 32.5 37.5 625 100 (GaN) 45 15
20 26 30 500.5 100 (GaN) 45 15

At this place, the economic performance, together with efficiency and power density calculation,
is given. Initially, Table 3 shows an expert estimation of the investments necessary for the design
of proposed solutions of the bi-BB converter. The estimation considers with the whole bill of
materials of electronic parts (power semiconductor components, drivers, magnetic components,
passive components, and PCB), while the standard distribution network was considered. It is seen that
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the initial costs of the non-modular DC-DC interleaved converter based on the SiC technology are
comparable to the initial costs that are relevant for up to a 16-stage modular DC-DC converter.

Table 3. System costs evaluation for various bi-BB concept dependent on Nr. of modules.

T Cin  Cour L PCB  Others Total

non modular (50 kHz) 20 12 40 150 490 40 712€
2 modules (100 kHz) 65 11 14 22 320 20 432 €
4 modules (100 kHz) 130 22 26 56 275 22 509 €
8 modules (100 kHz) 83 28 37 80 210 27 438€
16 modules (100 kHz) 167 38 180 73 320 40 778 €
20 modules (100 kHz) 209 65 210 100 280 50 864 €

Figure 7 shows the graphical interpretation of the so-called qualitative parameters of power
semiconductor converters with a dependency on switching frequency. Here, it was defined that
these parameters are material costs, efficiency, and expected converter volume (concerning power
delivery can be considered as power density). Initially, a non-modular solution is compared that has
a dependency on switching frequency. It is seen that with the increase in the switching frequency,
the costs together with volume decrease, which is related to the fact that smaller reactive components
can be used within the converter’s main circuit. Efficiency is almost similar for each of the operating
frequencies, as SiC transistors are suitable for the investigated range of this parameter.

cost [k €]
1.40

1.20

1.00

efficiency [-] volume [dm3]

—@— Non-modular 50 kHz —@— Non-modular 75 kHz Non-modular 100 kHz

Figure 7. Comparison of qualitative parameters for a non-modular concept in dependency on
switching frequency.

Consequently, comparisons are provided between non-modular and modular concepts,
while switching frequency is considered as 100 kHz. Considering the volume of the converter
(power density), a non-modular solution exhibits performance that is most suitable regarding
given switching frequency and input/output parameters that are limited due to power delivery
and semiconductor performance (Figure 8). For high power levels, it is expected to operate at lower
frequencies in order to prevent unwanted negative impacts (safety reasons, EMC, efficiency reduction,
etc.). At the same time, robust semiconductors must be used (IGBT, SiC MOSFETS) [32-34].
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Figure 8. Comparison of qualitative parameters for the non-modular and modular concept for 100 kHz
of switching frequency.

The modular solution is not attractive for low switching frequencies due to a power density point
of view, which influences the cost of such a solution. On the other side, it is seen that this parameter is
best for the case of an eight-module solution. It is related to cheaper power components when the
input/output voltage is reduced. Thus, components with lower current/voltage loading can be utilized,
and a reasonable number of modules shall be selected (for 20 modules, the cost is very high due to the
high number of components). Therefore, the high-switching frequency operation is easy to utilize.

Evaluation of the impact of switching frequency increase is reported in Figures 9 and 10, where only
modular solutions are compared for 500 kHz and 1 MHz. With this increase, the volume of the passive
components can be visibly reduced. Moreover, when GaN technology is considered, the volume of the
semiconductors also minimizes. A GaN-based converter system has a big advantage if a very small
volume and weight are required. Typical examples are mobile systems, compact converter systems,
or electromobility. From Figures 9 and 10, it is seen that with the increase in switching frequency,
the total volume of the modular converter system can be reduced below the volume of the non-modular
solution, whereby this is valid from 500 kHz of switching frequency and above four numbers of the
modules. The positive impact of frequency increase is the opposite if efficiency is evaluated. For 1 MHz
of switching frequency, the efficiency drops below 93% if more than eight modules are used.

cost [k €]
1.20

efficiency [-] 'volume [dm3]

2 modules —@—4 modules —@—8 modules —@— 16 modules —@— 20 modules

Figure 9. Comparison of qualitative parameters for the modular concept for 500 kHz of switching frequency.
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Figure 10. Comparison of qualitative parameters for the modular concept for 1 MHz of switching frequency.

4. Comparison of Operational Properties of Proposed Eight Modules Bi-BB Modular Converter
and Bi-BB Non-Modular Interleaved Converter

4.1. Concepts Description

Due to initial validation purposes, the parameters listed in Table 1 were reduced by the power
ratio 1:10. Considering similar conditions to the real system, voltage levels were also modified for
experimental prototypes of converters (Table 4). The block diagram (Figure 11) indicates the voltage
levels selected for practical experiments, while the values are reduced for power delivery of 1 kW full
power (the real system operates at 10 kW).

Table 4. Operational parameters of bi-BB converters in a modular and non-modular concept valid for
laboratory verifications.

Input Input Output Output  Switching Output  Phase
Voltage  Current  Voltage  Current Frequency Power Shift
(Vdc) (A) (Vdc) (A) (kHz) W) ©)
Non-modular g, 1 10 200 5 150 1000 180
converter
Converter for 10-14 10 25 5 500 125 45

modular concept

95V 200V 200V

AR

Figure 11. Block diagram of non-modular converter concept (left) and modular converter concept
(right) in reduced power ratio.
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The converters in the modular solution are phase-shifted by 360/8° to achieve a low output voltage
and current ripple. However, this power ratio emulation is also reflected within component design and
selection of the converter’s main circuit devices in order to provide us with the most realistic conditions
as possible. The non-modular concept utilizes SiC transistors operating at lower switching frequencies
(app. 100 kHz) and uses standard inductors. On the other hand, in order to provide an increase in
power density performance, the modular concept utilizes low voltage/high-speed GaN transistors
(operating over 300 kHz) with planar inductors. This approach shall demonstrate the optimization
possibilities of a bidirectional buck-boost converter using a modular converter concept.

The physical prototypes of the converters were designed based on parameters given in Table 4.
Table 5 lists the main circuit components used within a non-modular and modular converter prototype.

Table 5. List of used electronic parts for modular and non-modular concept.

Power . . Gate
Inductors Transistors Input Capacitors Output Capacitors Drivers
Non-modular 2 x PQ40 N87 Cree 2 x 150uF/450 V 2 x 270uF/450 V AD4223
converter material, 220uH C3M0065100K  Rubycon + MLCC 100nF  Nippon + MLCC 100nF SOIC16
Converter for the Bourns 15 uH GaN systems 28:13/1[311(1:;?1{5%1;/1%%@ LM5113
modular concept  automotive inductor GS61008T H WSON10

V electrolytic capacitors

Figure 12 shows a physical sample of proposed bi-BB converters. The non-modular concept uses
inductors that are made on PQ40 N87 cores, while the winding is made of isolated copper foil in
order to achieve low conduction losses. In order to secure the safe operation of the control system,
the isolation on the side of gate drivers was used.

Figure 12. Comparison of cost of non-modular and modular converter concept in dependency on the

number of modules and switching frequency.

An experimental prototype of one module that is used for a modular concept, where eight
converters with separate inputs and common output are connected to achieve the 200 V of the output
voltage, is shown in Figure 12 as well. The proposed module consists of two boards. The horizontal
motherboard is composed mostly of filtering components like electrolytic capacitors with MLCC
capacitors and power inductors. The vertical board consists of GaN transistors with gate drivers,
DC/DC isolated modules, optical isolators, and connector sockets. The vertical board is connected to
the motherboard trough socket for better serviceability of measured parameters and more suitable
electronic components maintenance.
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4.2. Operation Properties Comparisons

The experimental measurements focused on the evaluation of main operational characteristics
for both the buck and boost mode of designed bi-BB converter concepts. The evaluations were made
separately for efficiency and voltage/current ripples. The laboratory equipment and experimental
set-up used within measurements are shown in Figure 13.

|- - || TEKTRONIX
MDO 3054
PLECS
RT BOX
8 xIL cCooooe HAMEG
8xU 1 16 x PWM TEKTRONIX HZ 115
O . v TCP305
8x 8x
EA-PS
2342- L
10B
T

@ 2x ZIMMER LMG500
E B 5 &

[iowr]

1 uiEuge

:

Figure 13. Preview of laboratory equipment and experimental set-up during measurements.

For buck and boost mode, three input voltages were applied, while the investigated variables
were analyzed for the whole output power range. Figure 14 shows the efficiency dependency for the
boost mode, while the input voltage varied within 90 V and 110 V. Both tested solutions offer almost
97% efficiency, whereby the difference between analyzed converter types is visible in dependency on
output power. The input voltage of the modular system is created by a sum of eight voltages on the
inputs of individual modules. The efficiency decreases with the increase in output power, while on the
other side, the non-modular system has increasing character. These facts are caused due to operational
character, for example, due to the three times higher switching frequency of modular concept.

99
98
97
96
95
94
93
92

efficiency [%]

0 10 20 30 40 50 60 70 80 90 100 110
Output power [W]
—@— boost non-mod. 90V —@®— boost non-mod. 100V —@— boost non-mod. 110V
- - @®-- boost mod. 90V - - ®-- boost mod. 100V - - @& - boost mod. 110V

Figure 14. The dependency of efficiency on output power and input voltage for proposed bi-BB
converters for boost mode.
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Even for the buck mode of operation, the modular system has a decreasing character of efficiency
(Figure 15), which is also a cause of the higher number of switching transistors that are used.
More transistors cause more hard switching losses and lower efficiency for higher output loads. If both
efficiency characteristics for boost and buck mode are analyzed, the modular solution exhibits an
advantage below 60% of the nominal power. In contrast, above this point, non-modular solutions
become more effective.

—-ti“-ﬁ——--.
el e-.
h B J

e

efficiency [%]
o
~
L}
W
W

-el.

0 10 20 30 40 50 60 70 80 90 100 110
Output power [W]
—@— buck non-mod. 190V —@&— buck non-mod. 200V @®— buck non-mod. 210V
--®- - buck mod. 190V --®-- buck mod. 200V --®- - buck mod. 210V

Figure 15. The dependency of efficiency on output power and input voltage for proposed bi-BB
converters for buck mode.

Figure 16 shows the output current ripple of the systems in boost mode of operation. The modular
system has a current ripple of around 1% and a non-modular system around 3% if nominal power
is considered. From the diagram, it is seen that the modular concept has a lower ripple than a
non-modular system within the whole power range. This fact is caused by the higher switching
frequency in a modular system and interleaved operation given by the 360/8° ratio of control signals.
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Output power [W]
—@— boost non-mod. 90V —@— boost non-mod. 100V —@— boost non-mod. 110V
- -®- - boost mod. 90V - -®- - boost mod. 100V --®-- boost mod. 110V

Figure 16. The dependency of output current ripple on output power and input voltage for proposed
bi-BB converters for boost mode.

Figure 17 shows the output current ripple of the systems in the buck mode of operation.
The modular system again reaches much lower values compared to the non-modular system, while the
values of the ripple are below 0.5% if the output power is higher than 30% of the nominal converter’s
power. During the change in the input voltage, a modular solution exhibits visible independence, while
the non-modular system is visibly dependent if the ripple vs. input voltage is analyzed. The lowest
ripple for the non-modular solution is achieved at a high output power, which is related to the extension
of the duty cycle if the output power is increased.
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Figure 17. The dependency of output current ripple on output power and input voltage for proposed
bi-BB converters for buck mode.

Figures 18 and 19 show the dependency of the output voltage ripple of both concepts in the
boost and buck modes of operation. The modular system has a voltage ripple around 0.8% and
a non-modular system around 1.6% at the nominal point of operation if buck mode is considered.
For boost mode, the modular system has voltage ripple around 1% and the non-modular system
around 1.8% at full power. If both operational modes are analyzed (buck and boost), the modular
system has a better voltage ripple performance than a non-modular system for any voltage level
applied at the input terminals of converters.
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Figure 18. The dependency of output voltage ripple on output power and input voltage for proposed
bi-BB converters for boost mode.
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Figure 19. The dependency of output voltage ripple on output power and input voltage for proposed
bi-BB converters for buck mode.
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Previous analyses showed the advantages and disadvantages of the operational characteristics
of designed bi-BB converters. Both have pros and cons related to costs, power density, efficiency
performance, as well as the character of electrical variables. Related to the mentioned facts, it is further
valuable to investigate the impact of previous research within the target application (i.e., microgrid),
where designed converters are used as energy flow control blocks. Seeking higher flexibility for
experimental analyses, it is valuable to use hardware in the loop (HIL) simulations, giving more time
and space for system optimization.

5. Conclusions

This article deals with the analysis, description of the design, and experimental testing of modular
and non-modular bidirectional converter for the energy management block in the energy hub for
households. The modular topology was realized by eight modules based on new, very fast GaN
transistors technology, which allows increasing the switching frequency up to the range of megahertz.
Generally known, this fact causes decreases in the dimensions, volumes, and weight of converters
and decreases costs for certain situations. The non-modular topology was also based on new SiC
transistors, which also allows the use of high switching frequencies and reduces overall volume and
costs. The main electronic parts for designed prototypes, together with specifications of input/output
parameters, have been defined for verification of various operational scenarios.

The physical samples of both topologies were successfully tested in laboratory conditions in
the full range of output loads, and the efficiency, output voltage ripple, and output current ripple
parameters were investigated. The different input voltages were tested for the converters to investigate
the behavior of converters for different conditions. The received results and characteristics were
discussed in detail within this paper. The modular solution has better voltage and current ripple
performance due to the interleaving technique of individual modules. The SiC-based non-modular
solution has slightly better efficiency for the full power condition (1000 W). The efficiency characteristics
of both topologies are comparable, and the efficiency reaches almost 98%.
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Appendix A

The investigation of input current ripple Aipyy, is based on a sum of inductor ripple currents
Aip1py and Aippyp. The input ripples are analyzed separately for the duty ratios: D <1/2,1/2<D < 1.
The necessity for this separation is in the different operation modes of the non-modular converter for
D< % and 1/2 < D < 1 to obtain current ripple value. In the first case, the transistor T1 (lower transistor
in a first phase) is on, and the transistor T3 (lower transistor in a second phase) is off. This means that
the current i1 1 in a first phase has a positive slope with a value V;,/L (Equation (A1)), and on the other
hand, the current i1, in a second phase has a decreasing character with a slope of (Vi;, = Viout)/L, as is
shown in Equation (A2). The sum of the ripples Ai} 1, and Ai}5,,, which are ripples of the currents i ;
and i, within the duty ratio period, gives a value of input current ripple Aijyy,. This assumption is
valid for the input current of a boost converter.

The same manner can be used for a buck mode within the investigation of output current ripple.
It must be stated that the output current of a buck converter is an input current of the non-modular
converter as well.
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The inductor current ripples and input current ripple for boost interleaved non-modular converter
is seen in Figure Al. During the state, as mentioned earlier (T1 is on, and T3 is off), the voltage across
the inductor L, is equal to Vj,. From Faraday’s law, it is known that the voltage across an inductor is
equal to the inductance L times the rate of the current change V; = Ldi/dt, and therefore for di; ; and

diin

and in this state dt = DTs.

Therefore, the values of ripples for D < 1/2 are expressed in Equations (A3)—(A5)

Vi
dZLl = I dt

Vin =V
dip, = LINZYour 4

L

Vin
Aliyyp = Alpy = = DT

AILpr = AILZ =

L

Then, the solution for input ripple current is as follows:

AI[NW = AILlpp + AILpr =

Vin — Vour DTs

@DTSQ -2D)

(A1)

(A2)

(A3)

(A4)

(A5)

The solution of input current ripple for the duty ratio within a range of 1/2 < D < 1 is shown in

Figure A2.

T
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I

Figure Al. Input and inductor currents for D < %
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Figure A2. Input and inductor currents for 1/2 < D < 1.

The inductor current ripples are given in Equations (A6) and (A7). The procedure for obtaining
Equations (A6) and (A7) is the same as in the previous case. The difference is that the dt = dTs. The new
parameter d is involved in the calculation because the input current ripple occurs within the interval
dTs. The parameter d is expressed in Equation (A8). The procedure for obtaining an equation is

1%
Alpipy = Alpy = %du (A6)
_ _Vin
Aliggy = Aliy = —dTs (A7)
1
d=D-3 (A8)

Then, the solution for the input current ripple is a sum of the inductor current ripples, Equation
(A9).

Al = Dligyy + Apogy = VOL“T pTg(D- %)(2 -2D) (A9)

These solutions for D < % and 1/2 < D < 1 are also shown in Table Al. The number of phases is
two, and interval I and interval II are considered. It must be stated that with an increase in the number
of phases, the number of intervals also increases. This is due to the greater number of operating modes
of the converter. Therefore, the n-phase converter is divided into n intervals.

The same assumption is valid for the converter in a buck mode. The difference is only in output
Vout and input voltage V. It should be noted that the output voltage of the boost converter is the
input voltage of the buck converter. Therefore, for a non-modular converter, the equations are the
same. Then, the input current ripples for the two-, three-, four- and n-phase non-modular converters
in a boost and buck mode are shown in a Tables A1 and A2, respectively.
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Appendix B

The inductor and output capacitor currents iy 1, i 5, ic1, and ic, are depicted in Figure A3 for two
modules of the modular converter. It is seen that the inductor current ripple Al} 1 in one-phase is equal
to capacitor current ripple Alcyr during the period that the transistor of the relevant phase is switched
off. Therefore, according to the previous procedure, the following equation is valid:

Vin — Vour

Lfs

In the modular converter, the topology simplification can be used. The output capacitor is
connected in series; then, the final value of the output capacitor is eight times lower. If we consider one
output capacitor, the waveform of the output capacitor current is displayed in Figure A3 with a blue line.
It is seen that the modified period of the output capacitor ripple current is one eighth of the switching
period. This is due to the equal phase-shifting of the eight-module converter. Then, the output capacitor
current ripple Al is dependent on a slope of the inductor/capacitor current and the modified period.

Alyy = Ay = (1-D) (A10)

T ON
t
Ts ON
t
iLl / \\ Al
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0 T
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~——_
12 / —~—— .
0
Alc,
i(?oul \LC : t
/’\
ici,ics Al =Alcory \i\ Aler, Ales
0
18T, t
DTy
1/2Tg

Ts
Figure A3. Output capacitor and inductor current of modular converter.
The duration of the slope of the inductor current is (1 — D) TS, and the ripple is as follows.

o Vout = Vin
Al = 0 (1-D) (A11)
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The duration of the output capacitor current is 1/8 Ts. Then we can write:

(A12)
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Abstract: Widespread dissemination of electric mobility is highly dependent on the power converters,
storage systems and renewable energy sources. The efficiency and reliability, combined with the
emerging and innovative technologies, are crucial when speaking of power converters. In this paper
the interleaved dc-dc topology has been considered for EV charging, due to its improved reliability.
The efficiency comparison of the SiC-MOSFET and Si-IGBT-based converters has been done on wide
range of switching frequency and output inductances. The interleaved converters were considered
with the optimal switching parameters resulting from the analysis done on a detailed parasitic circuit
model, ensuring minimum losses and maintaining the safe operating area. The analysis included
the comparison of different inductors, and for the selected ones the complete system efficiency
and cost were conducted. The results indicate the benefits when SiC-MOSFETs are applied to
the interleaved dc-dc topology for wide ranges of output inductances and switching frequencies,
and most importantly, they offer lower total volume but also total cost. The realistic and dynamic
models of power devices obtained from the manufacturer’s experimental tests have been considered
in both LTspice and PLECS simulation tools.

Keywords: electric vehicle (EV); fast charging; interleaved dc—dc converter, SiC devices; Si devices

1. Introduction

Environmental concerns and green energy goals have led to the growing interest in electric vehicle
(EV) and plug-in hybrid electric vehicle (PHEV) technologies, since they offer reduced greenhouse
emissions [1]. Governments worldwide are encouraging electric transportation with public policies
and new standards. However, the critical points in the large changeover from combustion engine to
EVs are still the batteries, suitable chargers and charging infrastructure [2].

In general, the batteries can be charged by on-board chargers (slow chargers) and off-board
ones (fast chargers), both unidirectionally or bidirectionally. In either case, both the topologies and
power ratings of the converters differ greatly [3]. EV battery chargers include both a dc—dc stage
(typically buck/boost or switch-mode converters) and an ac—dc stage (controlled or uncontrolled
rectifiers). The ac—dc stage should ensure high power quality operation, while the dc—dc stage
should ensure high controllability and operability with constant current and voltage on battery
side [4]. The on-board chargers can be conductive (with direct contact) or inductive (transfer power
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magnetically) [5]. These chargers are nowadays widely employed, but are constrained by weight,
space and cost. Nonetheless, all battery chargers have to be of high efficiency and reliability, and high
power density. Their operation depends on components, sizing, control and switching strategies.

Fast charging refers to the off-board charging stations with at least 50 kW rated power [6].
Off-board chargers are less subjects of restrictions when compared to on-board chargers and feature
high charging rates [7]. Various solutions for both ac-dc and dc-dc stages have been proposed and
proven promising [8-12]. The concept which can be viably adopted is interleaved (also multiphase)
converters, leading to higher efficiency, with possibilities of current ripple cancellation, and reduction in
EMI and output filter size. [8,11,12]. Using interleaving, the power stage of a converter is symmetrically
distributed into several smaller power stages. Consequently, the sizes of the passive components are
reduced which allows a reduction in the overall cost of the system. Moreover, the system reliability can
also be improved, due to the modularity that interleaved converters possess. Many interleaved
topologies have been studied, both in ac-dc and dc-dc converter applications [13-15], and for
EV charging [11,12,16,17]. When it comes to dc—dc converter applications, in [15] the multiphase
interleaved converter for high current applications has been presented, operating in a wide load range.
It has been proven that the phase-shift interleaving operation brings the decrease in the current ripple
in the multiphase inverter stage. A three-phase interleaved dc-dc converter for EV fast charging with
an effective control strategy has been proposed in [11,12], providing ripple-free output current in a
wide output voltage range. In [16] the interleaving concept has been used to keep the input current
ripple to a very low level in current-fed converter, and can viably be used in PHEV applications.

Recently, the wide bandgap semiconductor devices, such as silicon carbide (SiC), have become
increasingly popular due to many benefits they offer compared to their silicon (Si) counterparts:
lower switching losses and consequently high-switching capabilities, low on resistance and increased
junction temperature [18]. With this in mind, and considering the benefits that an interleaved
dc—dc converter offers, it is crucial to conduct the fair comparison of this specific topology with
SiC metal-oxide-semiconductor field-effect transistor (SiC-MOSFET) and Si insulated-gate bipolar
transistor (Si-IGBT) devices. Even though there have been many comparisons conduced in the
literature for other topologies [19-21], for this particular topology not many studies are available.
This kind of analysis on interleaved converter was firstly introduced in [22], where the efficiencies
of SIC-MOSFET and Si-IGBT-based interleaved converters were compared, but considering only one
value of the output inductance and switching frequency. This paper extends this analysis and considers
the efficiency comparison on a wide range of output inductances and switching frequencies for both
SiC-MOSFET and Si-IGBT-based converters. The interleaved topology was considered for the dc—dc
power stage, having the possibility of the voltage and current ripple reduction in the battery-side
and making it relevant for EV chargers. The comparison with different devices (SiC-MOSFET and
Si-IGBT) is crucial in order to ease the decision process of power converter designers, and choose the
right topology for the specific application. Moreover, the analysis includes the comparison of the total
system losses and costs, including both converters and various output inductors. The goal was to
have the maximum efficiency and minimum losses for both converters, maintaining the safe operating
area of each device. Consequently, the most optimal switching condition has been derived from the
complete parasitic model, based on experimental measurements. Namely, the minimum values of
the external gate resistances have been determined by implementing the parasitic model in LTpice
(Version XVII, Analog Devices, Norwood, MA, USA) simulation tool. Next, these resistances were
used with double pulse testing in LTspice simulation tool on realistic and dynamic spice models of the
respective power switches [23], from which the respective conduction and switching losses have been
obtained for each device. These losses were finally implemented in complete 3-leg converter simulation
in PLECS (Version 4.2.6, Plexim, Zurich, CH) , from which the loss comparison was conducted, with
access to the steady state being facilitated.
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2. Dc—dc Interleaved Converter

In Figure 1a is given the fast charger topology for electric vehicles. It consists of a three-phase ac—dc
converter connected to an interleaved dc—dc converter with three legs having a three-phase structure.
This structure was firstly introduced in [11,12]. The interleaved dc-dc converter is made by basic
elements which are paralleled. It can be seen as a well-known two-level, three-phase configuration
with the output inductor Ly, and input dc-link capacitor Cy.. By having a rather simple structure,
this converter features high reliability. The scalability is ensured as well, due to its modular structure.

Interleaved rectifier V. Interleaved de/dc converter
c
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| | module 2

module 1
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Figure 1. Fast charger topology for EVs: (a) three-phase ac—dc converter and an interleaved dc—dc
converter, and (b) control signals and typical output waveforms.

The ac-dc converter is connected to the grid and has the task of regulating the dc-link voltage.
The interleaved dc—dc converter is able to provide the desired output current by controlling the output
voltage. The converter’s output current is equally shared among the legs. It is possible to achieve the
output current ripple minimization with the control strategy [11]. Namely, with the carrier phase-shift
of 360° divided by the number of legs and proper control, it is possible to achieve the minimum of the
output current ripple, as shown in Figure 1b in the case of 3-leg converter. In Figure 1b the typical
output waveforms of the interleaved converter are also shown.

3. Parasitic Model and Safe Operating Area

The interleaved converter permits the use of standard and reliable three-phase power switch
modules. The sizes of the ac—dc stage and dc-dc stage are similar, which can be tracked back to sizing
only a two-switch leg, which makes the design process rather simple. The simple two-switch leg can be
scaled up by adding more legs. In this way the cost and the complexity of the system can be reduced.

In order to have the maximum efficiency in terms of fastest switching and minimum switching
losses of the two converters (one with Si-IGBT and other with SiC-MOSFET devices), it is important
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to carefully select the external gate resistance Rg cxt, since it can greatly influence the switching
losses. The analysis in this regard started from the realistic and complete parasitic model of the
three-leg converter, relying on the design practice and experimental measurements done on a existing
printed circuit board (PCB) with connection cables for one converter leg. In Figure 2 is presented the
three-leg model of the interleaved converter, taking into account the dc power supply V. with the
cable connection for the PCB (in blue); the dc-link capacitors C i (details on the dc-link ralization
and capacitor parasitics in yellow) with the parasitic inductance of the capacitor bank PCB trace;
the parasitic inductances of the PCB traces connecting the different legs and switches; and the
impedance of the cable connecting the output inductor L,,;. In Table 1 are given the values that
have been obtained on the basis of the experimental measurements for the dc power supply and load
connection cable, and calculated for the PCB traces with the standard trace thickness 105 um and
width of 0.93 cm required for the considered currents [24]:

% -2 (ln <w2—frt> + %) (nH/cm) @

where L is the trace inductance, [ is the trace length, w is the width and t is the thickness of the PCB
trace. The considered values of PCB traces were carefully selected and are based on the real power
electronic circuit design.
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Figure 2. Dc-dc interleaved converter: full parasitic model of 3 legs.

Table 1. PCB parameters.

Parameter (Unit) Value
Leapte_ger (nH) 1.77
Reaple_der (m€) 8.92
Leapte_ac> (1H) 1.74
Rcavte_dc2 (M) 8.79

Lypcb_trace_dctink (nH) 36.5

Lyeb_trace_teg (nH) 66.5

Lprlz_frm‘c_lag/z (nH) 33.25
Leab_toaa (wH) 0.834
Reab_toad (M) 4.21

Thin film capacitor Cy. (WH) 15
ESR (mQ)) 48
ESL (nH) 124
Rziisc/x (kO) 100
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The circuit has been implemented in LTspice simulation tool. The real models of the powers
switches were used for this analysis, i.e., the 1200 V SiC device SCT3080KLHR Rohm [25] with the SiC
Schottky anti-parallel diode SCS220KG Rohm [26] for the SiC-MOSFET-based converter, and 1200 V
Si-IGBT device RGS50TSX2DHR Rohm [27] for the IGBT-based converter (model with fast recovery
diode), having the main parameters listed in Table 2, giving quick access to the sizing of different
devices. The complete model of three-leg converter has been considered, as shown in Figure 2.
The analysis included a set of switching frequencies and output inductors, as listed in Table 3. The goal
was to obtain the minimum external gate resistance value for each set of Loy and fs, in order to
enable fastest switching with minimum losses, but staying within the safe operating area (SOA) of the
device. What has also been considered is the internal resistance of the gate driver BM6105AFW-LBZ
(Rohm) R;,;; of 1.5 Q), which can be used for both SiC-MOSFET and Si-IGBT devices. With this in
mind, the gate-source voltage of the SiC-MOSFET-based converter was —4/18 V ensuring the optimal
turn on and turn off of the device, while for the Si-IGBT inverter the gate-emitter voltage 0/15 V has
been used.

The resulting required minimum gate resistances to be added externally to the gate driver
for SiC-MOSFET and Si-IGBT-based converters are shown in Table 3, together with the simulation
parameters that are used for LTspice simulation such as the values of the Loyt — fs, pairs. The minimum
required values of the gate resistances have been determined in the LTspice simulation by increasing
the value of the gate resistance (starting from 1.5 ), and taking the first value for which the SOA
region is satisfied. The SIC-MOSFET-based converter requires no additional gate resistance (apart from
the internal resistance of the gate driver), while the Si-IGBT-based converter requires 3.5 () for all the
considered Loyt and fs;. Figure 3 shows the voltages and currents of one switching period (turn on
and off) together with SOA region as indicated in the devices’ datasheets. The Figure 3 resulted from
the LTspice simulation considering the worst case with the highest one-leg current of 25 A, having for
SiC-MOSFET-based inverter the Ly, = 0.33 mH and fs,, = 100 kHz (Figure 3a), and for Si-IGBT-based
converter Ly, = 1.15 mH and f,, = 30 kHz (Figure 3b).

Table 2. Main device parameters.

Parameters Rohm SiC MOSFET SCT3080KLHR  SiC Schottky diode SCS220KG  Rohm Si IGBT RGS50TSX2DHR

Vi 1200 V 1200 V 1200 V
Is (25°C) 31A - 50 A
I, (100 °C) 2A 20 A/133°C 25 A
Rps(on) (25 °C) 80 mQ) N/A N/A
Ver-—sat (25°C) N/A N/A 17V
Qg 60nC@18 V N/A 67nC@15 V
Vi 27V N/A 6V
Ves —4to+22V N/A 130V
1 175°C 175°C 175°C
Puiss (25 °C) 165 W 210W 395 W
Tie 0.7°C/W 0.62°C/W 038 °C/W

Table 3. Main simulation parameters.

SiC-MOSFET-Based Converter Si-IGBT-Based Converter
Inductance (mH) Switching Frequency (kHz) Rg ext () Inductance (mH)  Switching Frequency (kHz) Ry cxt (V)
0.56 60 0 3.46 10 3.5
0.51 70 0 2.3 15 3.5
0.45 80 0 173 20 3.5
0.4 90 0 1.38 25 35
0.33 100 0 1.15 30 35
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Figure 3. Safe operating area: (a) SiC-MOSFET-based converter and (b) Si-IGBT-based converter.

As can be seen from the figure, the safe operating area is ensured for both cases. The same goes
for the rest of the L, and fs, values.
4. Power Loss Analysis

The losses in the specific device are mainly the sums of two losses: the conduction and switching
losses. The conduction losses of the IGBT can be calculated with the use of its dynamic on resistance
Ron, 16T and zero on-state voltage Voy:

Peon168T = Vonlaw + Ron, 1687 Irms> )]

where I, and I;s are the average and rms currents through the device.
On the other hand, the conduction losses of SiC-MOSFET can be evaluated by using its
on-resistance Rpgop):
Peon,MOSFET = Rps(on)Trms” 3
The conduction loss for the diode is based on its threshold voltage Vr and dynamic on

resistance Ry, diode:
2
Pcon,dz'ode = Vrlapw + Ron,diodelrms (4)

The switching losses in the device depend on the switching frequency and the dissipated energies
during turning on and turning off:

Psw,dez;ice = fsw (Ean,device + Eaff,device) (5)
where Eyy gevice and Eq ££ device are the device’s dissipated energy during turning on and turning off.

4.1. Losses in the Interleaved dc—dc Converter

In the interleaved dc—dc converter, the conduction and switching losses can be analyzed by
considering only one converter leg, since all the legs share the same losses. The output current has a
DC value Iy and a ripple component Aiy. In the upper switch is circulating the current with the rms

value [28]:
1 [ Aig)?
v (%)

(6)

Irms,upper = DI&

where D is the duty cycle.
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Similarly, the rms current of the bottom switch can be written as:

1 [ Aig)?
v ()

Basing on the Equations (6) and (7) for the conduction losses of SiC-MOSFET, Si-IGBT and the
diodes we can write:

Irms/lower = (l - D)Ig (7)

1 [ Aip)?
Peond,icT = VouD'Io + Ron1cerDIf |1+ v <TOO> } (8)
where D' = (1 — D).
1 /Aig)?
Peona, MoSFET = Rps(on)DIg |1+ o (f) } )
! 172 1 AiO 2
pcond,diode =VrD'lp + Ron/diadeD IO 1+ E I (10)

The switching losses can be evaluated as:

Lo\ ( Veup |
Psw,device = fswEsw,device <I{wg> ( VSMP> (11)
ref ref

where I is the average output current; Vs, is the device supply voltage (collector-emitter for IGBT,
or drain-source for SiC-MOSFET); I, and V,,s are the respective current and voltage available in
the datasheet, obtained from the switching loss measurement; K; and Ky are the coefficients usually
defined as in [29].

4.2. Inductor Losses

The losses in the inductor are the sums of winding losses and core losses. When it comes to
winding losses, the DC resistance is associated with the dissipated power of the windings, but also
phenomena such as skin effect and proximity effect. The latter two are associated with AC current
components, and since the ripple of the current is minimized, can be neglected. The winding losses
can be determined using [30]:

PL,w = Ralc[rms2 (12)

where I is the rms current through the inductor.
The DC resistance can be calculated basing on the wire properties:

Nmlt

winding

(13)

p being the specific copper resistivity, N the number of turns, ml/f the mean length per turn available
in the datasheet and Aynging the winding’s cross-sectional area.
The core losses can be approximated by the Steinmetz equation:

pL/core = Kf‘x ng (14)

where f is the frequency; By is the peak flux density when applied for sinusoidal excitation; « and 8
are constants depending on the core material, magnetic induction and switching frequency operating
range. Another way to estimate the core losse is by the use of core loss curves in the case of specific
flux density (e.g., available in [31] for different core sizes and shapes).
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The peak flux density can be calculated as [32]:

Eyms108
_ - 1
By 444A,N fo (15)

where E; ;s is the rms voltage across inductor (in V); A, is the cross sectional area (in cm?); and fsw is
the switching frequency (in Hz), while By is expressed in gauss. The factor of 108 is due to the By
conversion from Tesla to gauss (1 Tesla = 10* gauss). Knowing B pk» the core loss curves available in the
core’s datasheet can be utilized.

4.3. Double Pulse Test and PLECS Analysis

The simulation package PLECS offers the possibility to the user to merge the thermal and electrical
design and provides the cooling solutions. The switching and conduction losses of the specific device
are inserted by the user for each operating condition (forward current, blocking voltage, junction
temperature) in terms of 3D look-up tables. In this way the simulation speed is not necessarily affected
and the long thermal transient can be skipped by the steady-state analysis. The Cauer and Foster
thermal networks can be utilized for the thermal description of the device.

The standard double pulse tests (DPT) have been conducted on the spice switch models presenting
its realistic and dynamic behavior, as provided from the manufacturer’s experimental tests. DPTs were
done for each device listed in Table 2 in LTspice (Figure 4a with IGBT devices), in order to obtain the
necessary switching and conduction losses of the device, used lateron in PLECS analysis. One example
of the turn on losses obtained from LTspice DPT on a realistic switch model and implemented in PLECS
is given in Figure 4b in the case of the 1200 V IGBT. In the same way, the losses for the SiC-MOSFET
can also be determined and utilized.
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Figure 4. Double pulse test: (a) schematic of the double pulse test and (b) an example of IGBT’s
switching on losses for different temperatures.

After the loss descriptions had been added in PLECS and thermal network has been created, it was
possible to select the appropriate heat sink. With the use of steady-state analysis tool, the respective
converter losses together with the device junction, case temperatures and the heat sink temperature
can be measured.

5. Results

Both LTspice and PLECS were used for the simulation analysis, as explained in Section 4.3.
The device characterization in terms of conduction and switching losses has been done by double
pulse tests on real device models in LTspice. In the next step, these losses connected to the different
operating conditions were inserted in the look-up tables in PLECS and in this way it was possible
to characterize each device for each switching period. The three-leg interleaved dc-dc converter

86



Energies 2020, 13, 4585

(as shown in Figure 1) was implemented in PLECS. For the efficiency analysis the simpler converter
model was considered, i.e., without the parasitics, as usually they can be neglected and are the same
for the two converters. As resulted from the parasitics analysis, the external gate resistance of 0 () was
used for double pulse test in the case of SiC-MOSFET device, considering only the internal resistance
of the gate driver, i.e., 1.5 Q). Instead, for the Si-IGBT device the external gate resistance of 3.5 () was
used. The other simulation parameters are listed in Table 4. The Ly~ fsw pairs for each converter have
been defined in Table 3 and were used here for simulations of different cases. The specific Lout—fsw
pairs were selected in order to keep the output current ripple within 5%. Cases with different output
currents of 30, 45, 60 and 75 A were analyzed, corresponding to the 25%, 50%, 75% and 100% of the
output power. The control reference was compared with three shifted carriers in order to obtain the
pulse-width modulation (as explained in Section 2), providing a fixed switching frequency.

Table 4. Simulation parameters.

SiC-MOSFET Based Converter  Si-IGBT Based Converter

Parameter (unit) Value Parameter (unit) ~ Value
Vpe (V) 800 Vpe (V) 800
Rg_wxi (Q) 0 Rg_m‘.‘ (Q) 3.5
Rg_mt (Q) 15 Rg_mt (Q) 15
D (%) 50 D (%) 50

5.1. Inductor Selection

The comparison of different core types given in Table 5 has been shown in Figure 5, for the
two core types found as the best compromise for the total inductor losses and inductor volume.
Two different types have been considered for both converters, iron (in turquoise) and alloy (in pink)
powder core from [31]. In Figure 5 is given the comparison of total core losses, costs (obtained from the
core manufacturer) and volume for the case of 25 A inductor current corresponding to the 75 A output
current. In the case of SIC-MOSFET the difference between the volume of iron and alloy inductors is
not very marked, except in the case of the highest switching frequency (0.33 mH-100 kHz) where the
alloy core allows one to have an inductor with volume reduced to half (171 cm3-85.5 cm?).

For Si-IGBT-based converter there was more significant difference in the volume of iron and alloy
core except for the 3.46 mH-10 kHz pair, where it was not possible to design the alloy powder core.
When considering the lowest (10 kHz) and highest (30 kHz) switching frequencies, the alloy allowed
57% reduction in core volume.

Table 5. Comparison of different core types.

L—fsw Pairs Iron Core Alloy Core
SiC-MOSFET-based converter

0.56 mH, 60 kHz T400-14D *  OP-521014-2
0.51 mH, 70 kHz T400-14D OP-521014-2
0.45 mH, 80 kHz T400-14D OP-521014-2
0.4 mH, 90 kHz T400-14D OP-521014-2
0.33 mH, 100 kHz T400-14D SM-400026-2
Si-IGBT-based converter

3.46 mH, 10 kHz T650-14 -
2.3mH, 15 kHz T650-14 FS-650014-2
1.73 mH, 20 kHz T650-14 0OD-650026-2
1.38 mH, 25 kHz T650-14 0OD-601026-2
1.15 mH, 30 kHz T650-14 FS-601014-2

* In bold are given the inductors that later on are selected for further analysis.
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Figure 5. Comparison of cost, volume and total calculated losses for iron and alloy powder cores:
(a) SiC-MOSFET-based converter; (b) Si-IGBT-based converter.

m Cost iron m Cost alloy

Evident also are the reductions in volume, losses and costs in both iron and alloy powder core
when comparing Figure 5a,b for SiC-MOSFET-based converter, confirming the advantages of using the
SiC-MOSFET devices. For the two highest switching frequencies (30 kHz for Si-IGBT and 100 kHz for
SiC-MOSFET), the SiC-MOSFET-based converter can offer the reduction of 73% of the core volume for
alloy core, and 77% for the iron core, having around 60% lower cost.

In this case, the best compromise in terms of total losses and volume has been taken into account.
The selected inductors are given in bold in Table 5. In some cases the best choice is iron core, while
in other cases it is alloy core. For the SiIC-MOSFET-based converter the best solutions are almost
always in iron, except for the case with the highest switching frequency (100 kHz), which also
represents a significant working condition, allowing one to make the most of the advantages offered
by SiC-MOSFET devices and significantly reduce weight and volume. On the other hand, for Si-IGBT
the best solutions are always in alloy, except for the lowest switching frequency (10 kHz) with only
possible solution in iron. However, this working condition is not very significant because it leads to
higher volume and cost. Further on in the analysis, only the inductors given in bold were considered
for the efficiency comparisons.

5.2. Power Loss and Efficiency Comparisons

In this section the power loss and efficiency comparison is presented. The three-leg interleaved
dc—dc converter supplying a resistive load and implemented in PLECS has been used for this purpose.
For each specific value of Ly, the inductance with its winding resistance (as resulted from the inductor
design shown in Table 6) has been used for the modeling. The converter losses have been determined
directly from the PLECS simulation tool, while the inductor losses (for each specific inductor designed)
have been calculated as described in Section 4.2.

In Figure 6 are given the dc—dc converter losses in the case of different output inductor-switching
frequency pairs and output currents in the case of 50 °C heat sink temperature. In particular, four values
of the output current have been considered: 30, 45, 60 and 75 A. The two converters show rather
similar losses, even though the SIC-MOSFET converter’s switching frequency is much higher than
the one of Si-IGBT converter (60-100 kHz vs. 10-30 kHz). For the highest output current of 75 A,
the SiC-MOSFET-based converter has 28%, 18% or 9% higher losses when compared to Si-IGBT-based
converter for the switching frequencies below 80 kHz (for Si-IGBT below 20 kHz) respectively, but lower
1% for the 90kHz and 9% for 100 kHz, as shown in Figure 7a . Generally, all the losses show the same
behavior, lower in case of Si-IGBT for the switching frequencies <20 kHz. More flat behavior of the
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losses for SiC-MOSFET-based converter can be noted, i.e., less variations with the change of Loyt—fsw
pairs for the specific current.

In Figure 8 are given the total inductor losses for the selected inductors from Section 5.1.
In particular, they resulted from the sum of inductor core and winding losses in the case of different
inductors and output currents, as for converter losses. Different inductors have been designed,
as shown in Table 6. The criteria for the design were the lowest total inductor losses, but also the lowest
volume. The standard design practice has been applied; for example, the difference of the unloaded
and loaded unductor was set to 10%, the cross section of the winding was carefully selected taking
into account the minimum banding radius of the wire, the filling of the core window area was set to
less than 50%, etc.

From the Table 6 can be noted 3.7 times lower inductor volume when comparing the cases with
highest switching frequencies in the case of SiC-MOSFET-based converter. In Figure 8 the maximum
losses for SiC-MOSFET-based converter of 24.9 W can be seen for the 0.56 mH—-60 kHz pair and 75 A
output current, while for the Si-IGBT-based converter the maximum is for 3.46 mH-10 kHz pair
reaching 52.6 W at 75 A output current. The minimum losses for SiC-MOSFET-based converter are for
0.4 mH-90 kHz with 6.9 W in the case of lowest output current, while for Si-IGBT-based converter
the minimum losses of 10.7 W are for 1.38 mH-25 kHz pair and the same value of the output current.
In Figure 7b are given the inductor losses for the highest output current, i.e., 75 A. The losses of
SiC-MOSFET-based converter are lower for all L,,—fsw pairs, with the highest difference of 53% at
the lowest switching frequency. Conveniently, the total one-leg losses are also depicted in Figure 7c,
obtained as the sum of device losses and inductor losses per leg at 75 A output current. It is interesting
to see that the Si-IGBT-based converter has higher losses in almost all cases, except the 1.73 mH-20 kHz
case, where SiC-MOSFET-based converter shows 4% higher losses.
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Figure 6. Dc—dc converter losses per leg for different output inductors resulting from the simulation.
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Figure 7. One-leg losses of SIC-MOSFET and Si-IGBT-based converters at 75 A output current:
(a) simulated device losses, (b) analytical inductor losses, (c) total one-leg losses.

Table 6. Inductor design.

SiC-MOSFET Based Converter
Lout, fsw pairs Core type N AWG Ry (Q)  Ac(em?)  mlt  V,(cm?)

0.56 mH, 60 kHz T400-14D 110 0.03082 6.85 14.62 171
0.51 mH, 70 kHz T400-14D 105 0.02895 6.85 14.46 171
0.45 mH, 80 kHz T400-14D 98 0.02649 6.85 14.24 171

0.4 mH, 90 kHz T400-14D 92 0.02009 6.85 14.76 171
0.33mH, 100 kHz = SM-400026-2 87 0.01522 3.5226 11.51 85.5

Si-IGBT Based Converter

AN NN

Lout, fsw pairs Core type N AWG Ry () Ap (cm?) mlt V, (cm?)
3.46 mH, 10 kHz T650-14 212 6 0.07507 18.4 23.64 734
2.3mH, 15 kHz FS-650014-2 241 6 0.06565 9.87 18.09 407
1.73mH,20kHz  OD-650026-2 155 5 0.03049 9.87 17.05 407
138 mH, 25kHz  OD-601026-2 137 5 0.0273 8.8064 17.19 317
1.15 mH, 30 kHz FS-601014-2 167 6 0.04266 8.8064 17.09 317
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For the particular case in Figure 7c, where SiC-MOSFET-based converter shows slightly higher
losses, the loss distribution has been analyzed for all the values of the output current. In Figure 9 is
shown the distribution of the total losses (simulated device and analytical inductor) of one converter leg,
and specifically for the 0.45 mH-80 kHz pair (SiC-MOSFET-based converter) and the 1.73 mH-20 kHz
pair (Si-IGBT-based converter) in the case of 50 °C heat sink temperature. The figure also gives the
comparison with the theoretical values, calculated as explained in Sections 4.1 and 4.2.

The total losses of SiC-MOSFET-based converter (dark pink) are higher only in the case of 75 A
output current, as resulted also in Figure 7c, while for the other current values it shows lower losses
compared to Si-IGBT converter (dark green). As for the losses of the devices in one converter leg,
the switching losses which are also shown in the figure are slightly lower for the SiC-MOSFET-based
converter, even though the switching frequency was four times higher. The total inductor loss (dotted
traces) is slightly lower for SiC-MOSFET-based converter, having core losses invariant with the change
of the output current, as expected. For the specific case of 75 A output current, the SIC-MOSFET-based
converter shows elevated conduction losses, and this is the reason why it resulted in higher total
losses. Moreover, also the good agreement between simulation results (first bar) and analytical results
(second bar) for all cases can be observed.
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Figure 9. Loss distribution for 0.45 mH-80 kHz and 1.73 mH-20 kHz pairs and comparison with

analytical values.

In Figure 10 are shown the total three-leg losses of the two converters, including the inductor
losses resulting from realistic simulations (for power switches), and analytical for the different
inductors. Generally, the SiC-MOSFET-based converter showed lower total losses (in pink), especially
for the lower output currents. The highest losses can be noted for the Si-IGBT-based converter and
1.15 mH-30 kHz pair for all the values of the output current, due to high devices’ losses. While the
SiC-MOSFET-based converter has more uniform losses behavior with the change of switching
frequency, this difference is more outlined in the Si-IGBT-based converter.

In Figure 11 are shown the efficiencies of the two three-leg converters for different Lo, ¢—fs, pairs
and output currents. For both converters, the efficiency is rather high, higher in the case of lower
switching frequencies due to lower losses. The SiC-MOSFET-based converter shows higher efficiency
(ranging between 98.3% and 98.9%), while in the case of Si-IGBT the efficiency ranges from 98% to
99%. The efficiency curves are closer to each other in the SiC-MOSFET when compared to Si-IGBT
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case, meaning that in the SIC-MOSFET case there is a lower variability of efficiency with the change of
Lout—fsw pairs. In the worst case (30 A) there is a variability of about 0.3% in the case of SiIC-MOSFET
and 0.7% in the case of Si-IGBT. Therefore it can be concluded that by adopting the SiC-MOSFET
solution, efficiency depends less on the choice of switching frequency and inductor.
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Figure 10. Total 3-leg converter loss for SiC-MOSFET-based and Si-IGBT-based converters.
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Figure 11. Efficiency comparison: (a) SiC-MOSFET-based converter and (b) Si-IGBT-based converter.
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5.3. Heat Sink Volume

In order to conduct a throughout comparison of the two converters, the heat sink volume and cost
should also be taken into account. The heat sink volume analysis was based on the power loss of the
two converters at highest output current (75 A) and considering 50 °C heat sink temperature. In order
to evaluate the heat sink volume, it is necessary to calculate the thermal resistance of the heat sink:

_Th_Ta

= (16)
" Ptloss

where T}, is the heat sink temperature, T, is the ambient temperature and P}, is the total converter loss.
Once the 7y, is calculated, it is possible to obtain the heat sink volume based on natural air
convection [33]. The minimum heat sink volume can be obtained from the fitting function:

Volyeasing = 3263130 4 175601698 )

where Voljoink is expressed in cm® and 7y, in Q. Equation (17) in [33] has the results of the curve
fitting of various extruded naturally cooled heat sinks against heat sink thermal resistance.

Heat sink volume calculated from the curve fitting function for the two converters is
presented in Figure 12, starting from the lowest switching frequency considered for both converters.
A room temperature of 25 °C was selected as ambient temperature. The results show that the
SiC-MOSFET-based converter has an increase of around 3% only in the case of 0.45 mH-80 kHz
pair. In the other cases, the Si-IGBT-based converter has higher heat sink volume, with the highest
difference of 7% in the case of highest switching frequency.

Comparison of the heat sink volume
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Figure 12. Comparison of the heat sink volume at 75 A output current and 50 °C heat sink temperature
for the two converters.

5.4. Cost Comparison

This section presents the cost comparison of the two interleaved dc-dc converters, taking into
account only the costs that are different for the two converters, i.e., the switching device costs, the heat
sink costs and the inductor costs. The same cost was considered for the other components (for example
gate driver, power cables, etc.), and therefore was not included in this comparison.

In Figure 13 is shown the comparison of the converter efficiency (3-legs, including inductors),
the total volume (heat sink and inductor, in dm®) and total converter cost (in € per kW). For the
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efficiency comparison, the power switch losses were taken directly from the realistic circuit model
implemented in PLECS, while for the different inductors they were calculated analytically. Note that
the costs in Figure 13 refer to the sample prices of the main parts’ manufacturers in Europe. Having
in mind that the price of SiC-MOSFET devices is 2-3 times the price of IGBT devices, and the costs
of different inductors for the SiC-MOSFET-based converter generally being lower (due to lower
volume), the goal of this analysis was to verify if the difference of the device cost can somehow
be compensated with the lower inductor cost. Namely, Figure 13 confirms this fact, where the
SiC-MOSFET-based converter shows lower total cost for all the Ly, —fsw pairs. The trend of the cost
curve for the SiC-MOSFET-based converter is almost flat, with the lowest cost for the highest switching
frequency, i.e., 100 kHz. The Si-IGBT-based converter shows more cost variation, with the lowest cost
for the highest switching frequency as well. For the higher switching frequencies, the two costs are
practically the same for each device.
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Figure 13. Efficiency, cost and total volume comparison of the two converters at 75 A output current
and 50 °C heat sink temperature.

The total volume and efficiency confirm the advantage of using the SIC-MOSFET-based converter.
The efficiency is almost always higher or equal to the one of the Si-IGBT-based converter. The only
case in which the Si-IGBT-based converter showed higher efficiency was for 1.73 mH-20 kHz pair.
The trend of the SiC-MOSFET efficiency curve is more flat, while the Si-IGBT-based converter shows
higher variations with the lowest efficiency for 30 kHz switching frequency.

The real benefit can be seen in the total volume, where the lower volume can be noted for
all the Loyt—fsw pairs in the SiC-MOSFET-based converter. For the highest switching frequency,
SiC-MOSFET-based converter offers the lowest total volume. Generally, Figure 13 leads to the
conclusion that the best working conditions for Si-IGBT-based converter could be medium switching
frequencies (20 kHz and 25 kHz), where the cost, volume and efficiency differences are less marked,
while the worst working conditions are the lowest switching frequencies, with elevated cost and
volume difference. On the other hand, the real advantage of the SiC-MOSFET-based converter can
be seen at high switching frequencies, where the cost is practically the same for the two converters
(and lowest for all cases), efficiency remains higher and total volume is lower.
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These considerations, together with the fact that the prices for SiC-MOSFET devices tend to reduce
greatly over ther years, indicate the convenience of using SiC-MOSFET devices, especially given the
fact that it offers lower total volume.

6. Conclusions

An investigation of the three-phase interleaved dc—dc topology applied to the EV fast chargers
was presented in this paper. This configuration permits the use of classic and reliable three-phase
power switch devices, featuring high reliability and modularity, making it particularly interesting for
EV fast charging.

Two technologies were considered for the efficiency comparison: de—dc interleaved converters
with SiC-MOSFET power devices and Si-IGBT power devices, on a wide range of switching frequencies
and output inductances. The comparison was made by imposing the same requirements on the ripple
of the output current (5%), in order to reduce the battery stress and extend its life.

The two converters were considered with the optimal switching parameters, based on the analysis
done on detailed realistic parasitic circuit model and experimental measurement. The goal was to
have the safe operation and minimum losses for both converters. The output inductor design follows
the same criteria. For the simulation analysis, the spice models describing the realistic and dynamic
behavior of the power switches and based on the experimental tests were utilized and verified both
with LTspice and PLECS simulation packages.

The results show the convenience of using SiC-MOSFETs for the three-phase interleaved de-dc
topology on the wide range of L,,—fsw pairs. They also lead to the conclusion that the best working
conditions for Si-IGBT-based converter could be medium switching frequencies (20 kHz and 25 kHz),
where the cost, volume and efficiency differences are less marked, while the worst working condition
is the lowest switching frequency, with elevated cost and volume difference. This is also the working
condition where one could prefer the Si-IGBT solution due to its proven reliability and wide utilization
by the industry. On the other hand, the real advantage of the SiC-MOSFET-based converter can be seen
at high switching frequencies, where the cost is practically the same for the two converters, efficiency
remains higher and total volume is lower.

Moreover, the analysis has shown that the higher price of SiC-MOSFET devices can be
compensated for by the fact that the inductors utilized in the SiC-MOSFET-based converter have
considerably lower costs due to the lower volume. In fact, the SIC-MOSFET-based converter showed
lower costs for all Lyy—fsw pairs. However, this is likely to be changed with greater reductions
in the price of SIC-MOSFET devices in upcoming years, making in this way the cost difference
more significant.
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Abstract: In modern power electronics-based power systems, accurate modeling is necessary in
order to analyze stability and the interaction between the different elements, which are connected to
it. State space modeling seems a valid approach to study the modes of a certain system and their
correlation with its states. Unfortunately, this approach may require complicated calculations and
it is difficult to model advanced or emerging control techniques for grid-tied converters, such as
cascaded controllers (e.g., voltage and current) and virtual synchronous generators (VSGs). Moreover,
this approach does not allow an easy reconfiguration of the modeled system by adding, removing of
modifying certain elements. To solve such problems, this paper presents a step-by-step approach to
the converter modeling based on the Component Connection Method (CCM). The CCM is explained
in detail and a practical example is given, by modeling one exemplary VSG model available in
the literature. The obtained model is finally validated experimentally to demonstrate the practical
accuracy of such approach.

Keywords: Component Connection Method; power electronics-based systems; stability analysis;
state-space methods; virtual synchronous generators

1. Introduction

The transition to power systems involving more power electronics-based converters represents
a challenge today. An increase in the penetration of inverter-interfaced renewable energy sources
(such as wind and sun) may lead to instabilities within the power system [1,2]. For this reason, accurate
converter models, taking into consideration both the converter hardware parameters and its control
algorithm, will be necessary. Moreover, some grid codes are now requiring dynamic models on
different degree of details for simulation and analysis at the power system level [3,4].

Several techniques are presently available for this purpose. The most popular are frequency
domain analysis using impedance models and the eigenvalue analysis using state-space models [5].
Regarding the impedance models, various approaches are available in the literature [6-11], as well
as experimental procedures [12] to obtain the black-box frequency response of a converter without
knowing its internal parameters. Regarding the system-level analysis, the Generalized Nyquist
Criterion can be used [13] if the individual equivalent impedance models are available. However,
impedance models fail to provide an immediate comprehension of the poles in the system and how
they are influenced by the system parameters. Moreover, by observing the Bode plot of the equivalent
impedance of a converter, the effect of some poles can be canceled by corresponding zeros of the system.
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On the contrary, the state-space approach has the advantage of clearly identifying the modes of
the system under study and their correlation both to its states (e.g., controller, filter) using participation
factors [14] and to the system parameters using sensitivity analysis. Moreover, the state-space model
can provide an immediate feedback of the different poles time constants, without incurring the effects
of zero-pole cancellation that can be present in the impedance model representation.

Traditionally, compared to synchronous generators, grid-connected inverters have been working
with much smaller time constants. These time constants are related to both the physical hardware of
the converters (i.e., grid side filters) and the digital controllers. However, to obtain a higher integration
of renewable energy sources, inverters may be required to provide ancillary services to the grid,
in order to maintain its stability and quality (frequency, voltage and harmonic content). These services
typically operate with much slower time constants, in the order of magnitude of the line frequency or
less. For these reasons, a multi time scale analysis of the system may be necessary. Also, simplified
models may be desirable, focusing only on certain phenomena, to reduce the computational burden of
otherwise extensive simulations to assess the stability and the behavior of the system.

However, state-space modeling is a very difficult task when dealing with complex systems
internally interconnected. An increase in the number of state variables, inputs and outputs of
the system leads to complicated matrix expressions. Moreover, another disadvantage is its low
flexibility: if components are added, removed or modified, the modeling process must be repeated
from the beginning. This disadvantage is particularly evident when modeling converters equipped with
advanced cascaded or more emerging controllers. Such controllers may be implemented to provide
additional features beyond the traditional current or voltage control of grid-connected converters and
are an enabling technology to integrate more renewable energy sources in the future power systems.

An example of outer advanced controller are the virtual synchronous generators (VSGs), which can
provide virtual inertia, harmonic compensation and reactive support during voltage dips [15-22].

The literature proposes some examples of state-space modeling of such controllers [18],
but following a monolithic approach, i.e., deriving the complete model at once. This kind of approach
is feasible, but it lacks of flexibility, modularity and scalability (i.e., if something changes, the model
must be derived again). Moreover, the number of state variables involved dramatically increases the
order of the obtained system. This complexity leads to a larger modeling effort and it is prone to errors.
Therefore, troubleshooting cannot be easily done during the derivation of the model.

A valid methodology to tackle such issues is the Component Connection Method (CCM).
This method solves the lack of modularity and simplifies the modeling procedure, reducing both the
analytical effort and the probability of making mistakes during the derivation, by separately modeling
the single components of the system and then linking them using sparse interconnection matrices,
as shown in Figure 1.

To provide a global and practical perspective on this technique, this paper reviews the
requirements of power electronics modeling in power systems and the most recent applications of CCM
to this matter. Moreover, it contributes with a generalized step-by-step Component Connection Method
(CCM)-based modeling approach of the individual converter unit, considering both the hardware and
the control part. Compared to the classical CCM theory and existing applications, purely algebraic
blocks are introduced in this paper and it is described how to include them in the CCM in a completely
general way. Such blocks have no physical meaning in power systems applications, but they simplify
the modeling of power electronics controllers (e.g., calculating the current references starting from the
power setpoints and the grid voltage).

This paper is organized as follows. In Section 2 the state of the art of CCM applied to power
electronics-based power systems is reviewed, along with its most recent applications. Section 3 presents
a step-by step procedure of CCM-based modeling. A practical particular example of such method
by modeling the Simplified Virtual Synchronous Compensator (S5-VSC) [23], is given in Section 4.
Section 5 presents some analyses, which can be performed thanks to the state-space model and the
experimental validation of the presented case study. Finally, the conclusions are provided in Section 6.
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Figure 1. Modular state-space modeling of a grid connected converter including controllers.

2. State-Space Modeling Literature

With the spread of distributed generation and microgrids based on power electronics converters,
accurate and efficient modeling techniques have become necessary. Such methods must guarantee
flexibility (i.e., being easily applicable to different systems), scalability (i.e., can model more than
one converter and can merge multiple grid sub-portions) and various detail level, depending on the
specific analysis needed.

For this purpose, various levels of complexity and detail have been proposed during the years.
At first, the focus was on low frequency subsynchronous oscillations, neglecting the faster behavior of
current/voltage controllers [24]. In such cases, the inverter was considered as an ideal voltage source,
controlled in amplitude and frequency by active and reactive droop controllers. However, such level of
simplification is not always accurate in predicting instabilities or poorly damped resonances occurring
at higher frequencies (innermost current or voltage control bandwidth and grid-side filters resonance
frequency). Therefore, more accurate models have been proposed [25,26].

Given these requirements and summarizing the benefits of state-space modeling briefly mentioned
in Section 1:

e The modes of the system under study are evident in their frequency and damping. Therefore,
poorly damped oscillations can be easily identified;

e Theinteraction among the modes and the states can be analyzed by means of participation factors.
The states associated with the most critical modes are then identified;

e A reduced order model of the system can be obtained, by neglecting the dynamic behavior of
some of its parts. This allows faster simulations without a decrease in the quality of the results.

CCM is a valid modeling approach. In fact, the main advantage of CCM is the possibility of
decomposing an articulated system into its fundamental blocks, which can then be individually
modeled, and the possibility of reconfiguring the system by simply adding new blocks or just
modifying the interconnection matrices. Such advantage is especially beneficial when modeling
a single converter unit. This allows an easy an quick derivation of the state-space model of the
converter, even when a single or more control layers (e.g., current controller) or hardware component
(e.g., grid side filter) are modified in a later stage of the design.
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CCM has been traditionally used at power system level to analyze multi-node networks with
several conventional generating units or loads starting from [27]. Later, it has been specifically
used to model the early grid applications of power electronics: static var compensators and HVDC
transmission systems [28,29]. This method has gained renewed interest in the last decade, when it was
applied to modern power electronics-based power systems. First, in 2014 CCM was applied to the
specific modeling of wind farms and their connection to the main grid [8,30,31]. The same research
evolved then in CCM modeling applied to multi converter power system, being able to include highly
detailed inverter models (i.e., including accurate control loops and digital delays models) in wider
inverter-based power systems.

CCM is currently used to analyze the stability and the interaction among conventional
(i.e., phase locked loop (PLL)-based) and new controllers (i.e., Synchronverters) for renewable
generation [32-34]. In these works, the CCM is the first stage of a more advanced state-space
p-analysis [34] to consider the uncertainties of the modeled plants.

CCM is still also currently adopted in power system studies, to include inverter-based grid nodes
into larger scale studies (e.g., Subsynchronous torsional interactions [35]). In such cases, its flexibility is
exploited in order to simplify the modeling procedure neglecting aspects at frequency out of the range
of interest (e.g., digital control delay). The history of CCM is schematically summarized in Figure 2.

Multi-inverter systems

[8,33,34]

Power Systems [35]
|1968 80s-90s 2014 2018 2020>
[24] [31,32]
Converter
Interactions [25-27]

Figure 2. Applications and trends of CCM in time.
3. Generalized CCM Modeling Approach

This section considers a step-by-step procedure to model a grid-connected three-phase two
level inverter, interfaced to the grid by means of an LCL filter and is depicted in Figure 3. The DC
supply of the inverter is considered to be an ideal voltage source. Thanks to the modular approach
guaranteed by the CCM, a more accurate model of the DC source, or even the model of a more complex
DC side, e.g., a DC microgrid [36,37], can be easily included. The grid is modeled as a Thévenin
equivalent circuit.

+ 1
'
we@ | |
|
Commands*
References .
—> Controller l'&—— Vbc,ii, Vg, vPCcC

Figure 3. Diagram of the system to be modeled.

The CCM consists of the modular analysis of the system under modeling. First, the single
components are identified and linearized around the chosen operating point. Then, the connections
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between the components are defined by means of sparse interlinking matrices. Finally, the state-space
model of the overall system is obtained by linear algebra calculation.
This process is performed by the following general step-by-step procedure described below:

1. Define the system inputs Us and outputs Y;. Examples of inputs are external disturbances such
as references variations (e.g., active and reactive power) and grid faults (i.e., frequency, voltage
amplitude or phase variations). The outputs of the system can be chosen arbitrarily, depending
on the aspect under study. Examples are the power (or current) injected by the inverter and the
measured grid frequency using PLLs or VSGs.

2. Identify the single components. Two kinds of components can be used: dynamic (with state
variables) and algebraic (without state variables). In general, # dynamic components and m
algebraic components are identified and linearized.

3. Each k-th linearized dynamic component can be written in the following state-space form:

Xy = AXi+ By
k=1...n (1)
Yy = CiXy+ Dl

where X represents the state variables vector of the block, Uy the inputs of the component and Y
its outputs. The matrices Ay, By, C and Dy, are the component state-space matrices. Examples of
the dynamic components are LCL filters and integral regulators.

4. Algebraic components are defined to simplify the modeling procedure. In a traditional state-space
representation, only dynamic components are defined. However, this distinction can be very
useful when it comes to the modeling of a controller. Many algebraic calculations, such as
divisions, lead to complicated linearized expressions and it can be convenient to simplify the
process by defining such algebraic components. They do not have state variables, but only inputs
Uy and outputs Yj related as:

Y = Dy U k=n+1...n+m 2)

Droop controllers, sums and divisions to calculate the current reference from the active and
reactive power references are examples of algebraic blocks.

5. The vector of the state variables of the global system Xj is the aggregate of the X} state variable
vectors of the single components. The list of the components inputs U and the list of the
components outputs Y can be defined in an equivalent way as follows:

Xs =  [Xp...Xa
U = [Uy.. Upsw 3)
Y = Y. Yeiw|

6. Anaggregated model is defined by composing the individual system matrices as follows:
Xs = AXs+BU

@
Y = CiXs+DgUu
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where: ~
A 0 0
0 A 0
Ag = .
[0 0 - A,
number of algebraic
blocks inputs
_ ——
Bp 0 -~ 0 0 - 0
0 B - 0 0 --- 0
B, = . . . P .
[0 0 B, 0 0
(G4 0 -+ 0] ®)
0 G 0
C = 0 0 - Gy
0 -+ - 0
. . number of algebraic
: . blocks outputs
L0 - oo 0
Dy, 0 -~ 0
0 Dy --- 0
D, =
L 0 0 e Dn+m

In (5), it must be noted that the B, and C, matrices must be extended by adding null elements to
compensate for the algebraic blocks. In particular, a number of null columns equal to the total
number of inputs of all the algebraic blocks must be attached to the B, matrix. Also several null
rows equal to the sum of the algebraic block outputs must be attached to the C,; matrix.

Define the connection matrices, to connect the single components.

These matrices T are sparse and connect the inputs and outputs of the system as follows:

U = TuY+ TysUs
(6)
Y; = TsyY + TssUs
The global linearized system state-space model can be obtained as:
Xs = AsXs + Bs us
@)
Ys = CsXs + DsUs
where:
As = Au + BaTunCa
Bs = Ba TunDa Tus BuTus
G = TyWGC (8)
Ds = TsyWDaTus + Tss
W = (I-D,Tuy) "
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when the system structure is modified, U and Y must be modified according to the new blocks, as well
as the connection matrices.

As mentioned in the introduction, the CCM is useful when performing a multi time scale analysis
of a system. The reason behind this kind of analysis is that the most recent controllers, enabling
power electronic converters provide ancillary services to the grid (e.g., VSGs) typically work on
different time scales. The inner control loops (voltage, current) are operating at the time scale of the
switching frequency. On the other hand, the outer level controllers, managing for example the virtual
inertia, operate with time constants in the order of magnitude of seconds. To perform a simplified
analysis with a traditional state-space modeling approach, the system has to be completely remodeled,
meaning time loss and possibility of introducing errors. The CCM solves this problem: the user can
easily exclude some levels of the system by substituting them with purely algebraic blocks. This way
the computational burden for simulations is reduced, while preserving the correctness of the analysis
at the time scale of interest. This simplification affects only the state variables of the k-th excluded
block, but does not affect its inputs and outputs. Therefore, a dynamic block can be transformed
into an algebraic block and the global system is easily derived again, without any need to change the
connection matrices. The poles relative to the neglected blocks will not be present in the global system
anymore. The pole map of the system and a participation factors analysis, which will be described in
Section 5, are a good starting point to decide which blocks can be neglected to perform which study,
since they give a clear and straightforward view of the time constant of each pole and which blocks
are related to them.

Moreover, the CCM is flexible and solves also the issues related to the comparison or
improvements of the inverter control and hardware. In fact, CCM decompose an articulated system into
its fundamental blocks, which can then be individually modeled, and allows the reconfiguration of the
system by simply adding new blocks or just modifying the interconnection matrices. Such advantage
is especially beneficial when modeling a single converter unit. The benefits are especially evident in
comparison to the traditional monolithic modeling approach, which has to be repeated again when any
part of the system is modified. This flexibility of CCM allows an easy and quick derivation of the new
state-space model of the converter, even when a single or more control layers (e.g., current controller)
or hardware component (e.g., grid side filter) are modified in a later stage of the design.

A practical example of the CCM superiority can be done by comparing it with the traditional
state-space modeling. The literature [18] gives examples of VSG modeling with traditional techniques.
In this example the complete state-space model of a grid-connected converter controlled with a
cascaded VSG is described. However, the equivalent model is obtained directly, with a monolithic
approach. The result is a 19 x 19 state variable matrix, with no easy identification of which part of this
matrix corresponds to which block of the converter. With the CCM, as demonstrated by the approach
of (5), this is not the case. Each functional block of the system under study corresponds to a well
defined matrix, which can be modified in a later stage. For example, in case a different current control
strategy is implemented in a later stage of the design, its inputs and outputs will not probably change,
but only its internal structure. Several controllers can be therefore compared, as well as different
approximations of the delay of the digital controller.

4. Modeling of the S-VSC

In this section, an example of the application of the CCM is given. The system under study is the
Simplified Virtual Synchronous Compensator (S-VSC). This model has been chosen as a representative
of a VSG-based controller providing ancillary services to the grid. However, CCM can be applied to
model any other controller available in the literature, by being a general modeling approach.

The system consists of the inverter hardware part, its control (current controller and S-VSC) and
the connection to the equivalent grid, as shown in Figure 4. The system is modeled in per unit with V,
base voltage, S; base power and w;, base angular speed.

More details on this model are available in the literature [23].
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4.1. Defining System Inputs and Outputs

First, the inputs and the outputs of the system are defined. The system inputs Us are defined to
model the possible electrical perturbations that can influence the system. In particular, step variations
in the active and reactive power references (AP;;;, AQ;, ), grid frequency Awy, grid voltage amplitude
AEg and grid voltage phase angle Adg variations. This choice allows full testing of the system under
not-rated operating conditions.

The system outputs Y; are arbitrarily selected, depending on the quantities of interest. In this
example, they have been chosen as follows:

* * !
Us = [Apextf AQext’ A(Ug, AEg’ Ad)g} 5x1
/ )
Y, = [AP,-,AQ,-,Aw,,Aé, A, AUZL ]
X

where AP; and AQ); are the active and reactive powers injected by the inverter.

4.2. Component Identification

The components are identified as shown in Figure 4. n = 4 dynamic blocks and m = 2 algebraic
blocks are defined as follows:

o Dynamic components: LCL filter, Inverter control loops (PI and delay model), S-VSC electrical
part (stator and damper), S-VSC power loops (mechanical part and excitation control);
e Algebraic components: Power reference calculation (power to current) and grid perturbation model.
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Figure 4. Block diagram of the modeled S-VSC [23] control with the physical system.
4.3. Dynamic Components Definition

4.3.1. LCL Filter

The inverter is connected to the grid by means of an LCL filter, as depicted in Figure 5. The filter
is modeled in the (d,9) frame synchronous to the S-VSC virtual rotor position 6,, rotating at w;.
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(e ® O

Figure 5. LCL model in the stationary (e, 3) frame.

The equations modeling this component (in per unit) are as follows:

.dq
d d L; (di; . d d
eiq — vgq = w—'b < dlt +]w,,wbziq> + R,‘liq
.dg
Lee + Lo (di

i d f g ) d d
vl — e = g(T (dé; +]wrwbz;q> + (Rpg + Rg)ig! (10)
Cyr 4o dq

dg . d
= i —1gq—]wa,vC[’

wy dt

This block has the following state variables X; ¢, inputs Uy ¢y and outputs Yicp:

I
_ -d - -d - d q
Xl = [Azi,Azi,Azg,Azg,AvC,Avc]éxl
!
_ d q d q
Uper = [Ae,.,Aei,Aeg,Aeg,Aw,,]SXl 11)
!
Yico = [Aif,Ai;’,Avg,Avg,,AvZCC,AvZCCLM

The output vy can be useful in the case of a multi-inverter plant where the voltage amplitude
control at the plant point of common coupling (PCC) is required.
By linearizing (10), the necessary state-space matrices A;cr, Brcr, Crer, DicL are obtained.

4.3.2. Current Controller

The current controller considered in this model has a sampling time of T; and it is based on a
proportional integral (PI) regulator implemented in the (d,q) synchronous reference. The proportional
and integral gains of the PI regulator are kj, and k;. The total delay T; = 1.5 - T; of the digital controller
and the modulation is modeled with a first order Padé approximation. A higher order approximation
can easily be considered by modifying this block. The controller complete block diagram is shown
in Figure 6.
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Figure 6. Block diagram of the PI regulator and equivalent delay (PI + delay) of the digital control
and modulation.

The following state variables X,,, are identified (the integrator Ax?q and the delay model Ax;q ),
as well as the inputs U, and outputs Y7, of this block:

!
_ d q d q
X = [Axi,Axi,Axd,Axdhxl
o % -d - !
U = [Azd,mq,mi,mi]m 12)
!
_ d q
Vi = {Aei’AeiLxl

The state-space matrices of this block are Ay, Bruo, Crnos Ding-

4.3.3. S-VSC Electromagnetic Equations

The electrical and magnetic equations of both virtual stator and rotor of the S-SVC [23] are
(in per unit):

. 1 da
g = *Rslvd — wr?\q + wibditd
, 1A,
vq = 7Rslvq -+ (,Ur}\d + wibﬁ
dA .
TrqOTtrq = *Arq - qulvq (13)
N YETY
vd = L
. _ )\n] - )\q
g = L.

where Ay, Ag, Ay and A, are the virtual flux linkages of the machine (d-axis, g-axis, damper winding and

excitation, respectively); i,y and iy are the machine virtual currents; Rs and L; are the virtual stator

resistance and inductance; Ly and T,q9 are the virtual damper parameters, tuned as described in [38].
Therefore, the block state variables Xpj;, inputs Ugj; and outputs Yg;, are defined as follows:

Xpip = [ANg, DAy, AAgls .,
4 A !
Upn = [0, 8cf, Bwr, BN (14)
!
Yer = {Aig’mz]zm

The state-space matrices Ag;, Bgjt, Cpjp, Dy of this block are obtained from the linearization
of (13).
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4.3.4. S-VSC Power Loops Equations

The active and reactive power control equations of the S-SVC [23] are (in per unit):

_ dw,
-P, = 2H ¥
dbd
7 = (r—wg)ws (15)
BT
‘Vq dt

where P, and Qj are the virtual active and reactive power of the S-VSC. The S-VSC is always operated
at zero reference power in order to obtain better stability and damping [23]. H is the inertia constant of
the machine, 8 is the virtual load angle of the machine (g-axis to grid voltage vector). Vg is the peak
value of the voltage across the filter capacitor Cy and k. is the gain of the excitation control.

This block state variables Xpyer, inputs Upyper and outputs Yp,ye, are as follows:

Xpower = [Dw, A8, ANe]5,;

i
Upower = [Avg,Avg,Aig,AiZ,Awg]M (16)
Ypower = [APy, AQu, Awy, AS, AN]5. o

The state-space matrices A power, Browers CPower, Dpower Of the power loops block are again obtained
by the linearization of (15).

4.4. Algebraic Components Definition

4.4.1. Power Reference Calculation

In this algebraic block the following calculation is performed to obtain the current references i} .

from the power references PQ* and the grid voltage vgq:

. .. P* —iQ*
i+ it = Pojn 17)
Ugd — JUgq
where:
Pt = Pu+h
(18)

Q" = QutQ
Are the sums of the external references and the S-VSC compensation power references.

Due to the division involved in (17), a dedicated block is justified to simplify the modeling process.
There are no state variables, while the inputs Ug,s and outputs Yg, ¢ of the block are:

!
Upes = [Angxt,Aijt,APv,AQv,Avg,Avg]6X1
(19)

s - [l

Being an algebraic block, only the Dg,s matrix is obtained.

4.4.2. Grid Perturbations

This algebraic block generates the grid voltage variations egq

Awg, AE¢, Adyg, given as system inputs.

according to the external disturbances
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The grid voltage vector is defined as:
el = Egei(19) (20)

Any phase displacement Ady, in the grid results in the variation of the load angle §. As seen in the
previous S-VSC power loops section, the grid frequency Aw, variation leads to a load angle variation
and it is, therefore, included in (15). The vector diagram of the grid and S-VSC is shown in Figure 7,
as well as the angle variation due to a phase jump in the grid.

This block is defined by the following inputs Ug,;; and outputs Yg,i4:

Ugria = [A8,AEg,Adgl
@1)
!
o = [aetod],

And from the matrix D, obtained by linearizing (20).

Fault Ad,

Figure 7. Vector diagram of the grid voltage and the (d,9) S-VSC rotating reference frames. The angle
Ady is defined as the load angle variation after a fault event.

4.5. Aggregated Model

Once all the dynamic and algebraic blocks have been defined, the aggregated model can be
obtained. First the aggregated state variables X, inputs U and outputs Y are defined:

Xs [XLCL/ XInvr XEIi/ XPawzr]lléxl
/
u = [uLCL/ Urio, Ugit, Upowers URef, uCrid] _— (22)
/
Y = [YLCLr Yino, YEit: Ypowers YRef/ YGrid] 19%1
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Then, the aggregated model matrices are:

[Apc O 0 0
0 Amp O 0
A =
¢ 0 0 Ag 0
L 0 0 0 APower 16x16
[Bic O 0 0 0
P 0 Brw 0 0 0
¢ 0 0 Bgy O 0
| O 0 0 Bpower -+ 0] 4.0
[Crer 0 0 0
0 Cppo O 0
0 0 Cgy 0 (23)
Cﬂ - 0 0 0 CPower
- 0 0 0 0 19x16
Dic. 0 0 0 0 0
0 Dup 0 0 0 0
I 0 0 Dgy 0 0 0
¢ 0 0 0  Dpower O 0
0 0 0 0 Dges O
L 0 0 0 0 0 Dgrid

19x29

Note that the matrices B, and C; are extended with several null elements equal to the number of
inputs (8 in total) and outputs (4 in total) of the two algebraic blocks. The detailed expressions of the
matrices in (23) are available in the Appendix A.

4.6. Connection Matrices

Now the connection matrices can be obtained by linking the inputs U and the outputs Y of the
aggregated system together with the global inputs Us and outputs Y;. The matrix Ts; is zero, since there
is no direct feed-through from the system inputs to the system outputs.The detailed expressions of the
connection matrices are available in the Appendix A.

Tuy27><19 Tus27%5 (24)
T5V6><l9 Tss6xs5 = O6x5

4.7. Derivation of the Global State Space Model

Finally, by applying (8), the system matrices As, Bs, Cs, Ds are obtained. It must be noted
that such model could have also been derived in a monolithic way, by studying the converter as a
whole. However, by applying CCM, the model can be handled more easily and allows a quick and
straightforward modification, in case some parts of the controller or of the physical system are changed.
A practical and straightforward example of this advantage is the modification of the current feedback
of the current controller. Usually, for grid-connected converters interfaced with LCL filters to the grid,
two types of current feedbacks are adopted: grid side current feedback and converter side current
feedback [39]. In the proposed example, the converter side current feedback was adopted. Therefore,
the outputs of the LCL filter block Y| features the converter side current. However, if the current
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feedback is shifted to the grid side current, only the Y; ¢} vector and the relative matrices Cj ¢y and
Dy cr must be modified. Each other block is not altered by this modification. Also the interconnection
matrices are kept constant, being the two feedbacks equivalent from a signal routing point of view.
A second example of the reconfiguration by adding new blocks is represented by the addition of an
external droop controller. If a primary frequency regulation is required to the plant, then an extra
proportional frequency controller is added, in order to generate the necessary active power references
for the control. With the adopted CCM, the existing model is not modified, but an extra algebraic block
is added before the reference calculation block. This extra block will receive as inputs the nominal and
the actual grid frequency and generate the active droop power reference, which is then summed to the
external power references.

5. Analysis and Validation

5.1. Analysis of the Derived State-Space Model

The poles A of the system can be obtained numerically by solving:
det(As —AI) =0 (25)

In Figure 8, the poles of the system (also listed in Table 1) are depicted in the complex plane.
The parameters of the state-space model have been chosen according to the experimental setup and
are listed in Table 2. The classical observations about the stability and damping of the system can be
done. Moreover, the poles of the system can visually be distinguished as follows:

e The high frequency poles (1-4) are related to the LCL filter (in the range of 2 kHz);

e the equivalent poles of the digital control (5-8, 11, 12);

e the poles (9, 10) of the virtual stator of the S-VSC and the grid (50 Hz);

e the low frequency poles (13-16) of the electromechanical part of the S-VSC (excitation control,
damper winding and swing equation) in the range of 1 Hz.

To clearly define which phenomena are related to the single poles, the analysis of the participation
factors [14] can be performed. The participation factor pj of the k-th state to the i-th mode is defined as:

Pik = Pix - Y (26)

where @ is the k-th value of the right eigenvector ®; and ¥; is the k-th value of the left eigenvector ¥;.
From (26), the states and the modes of the system can be correlated as the results in Table 1. In this
way, the poles can be associated with the physical quantities that influence them.
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Figure 8. Pole map of the S-SVC. The poles are numbered according to Table 1.

Table 1. Poles and participation factors. Only significant factors are displayed (larger than 0.1).

Poles 12 34 5-6 7-8  9-10 11-12 1314 15 16
fo (Hz) 208458 1988.07 1513.86 27292 5034 3185 138 135 0.16
T(ms) 035 035 0.11 061 2187 517 16739 11767  999.67
C 0216 0229 ~1 0959 0145 0966 0.691 - -
i 02065 02079 01532 02639 - - - - -
iig 02065 02079 01532 02609 - - - - -
iga - - - - 02740 - - - -
igg - - - - 02810 - - - -
v 02471 02475 - - - - - - -
vgg 02471 0.2474 - - - - - - -
Xig - - - - - 0570 - - -
Xig - - - - - 05759 - - -
Xpd - - 06859 01876 - - - - -
Xpg - - 06863 01875 - - - - -
A - - - 04200 02282 - - - -
Ag - - - 04178 02199 - - - -
Arg - - - - - -~ 22608 55357 -
w, - - - - - - 16308 —22624 -
5 - - - - - - 16362 -22699 -
Ao _ _ - - - - - - 1.0002

Table 2. Inverter and S-VSC parameters for the state-space model and of the experimental setup.

Parameter Value Parameter Value
Vy 230V/2V Sp 15 kVA
L f 2mH C f 5 LLF
Lo 1mH Le 3mH
kp 3.77 Q) ki 710.6 QO/s
Ls 0.1pu Rs 0.02 pu
H 4s ke 0.22
Lyq 1.048 pu Trq0 0.278 s
fs = fsw 10 kHz Vpe 700 V
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From the point of view of a multi-timescale analysis, the poles whose time constants are too
small or too large can be excluded to simplify the model. For example, in the considered case study,
the model can be simplified to analyze the low frequency behavior of the system (e.g., integration in a
wider network to study the inertial behavior of the system during a frequency drop), by neglecting
the high frequency poles related to the LCL filter physical parameters and from the current controller,
which can be approximated with a direct feed-through with no dynamics, being orders of magnitude
faster than the electromechanical dynamics of the S-VSC. The blocks and their interconnections can be
rearranged to obtain a simplified model. This simplified model is useful to study the low frequency
interaction within a more complex network.

Moreover, the state-space model allows the study of the behavior of the system under a change of
parameters. A practical example is the variation of the short circuit ratio (SCR) in the connection to
the grid, representing the inverse of the magnitude of the grid impedance in per unit. This analysis is
especially important for wind power applications connected to very weak grids. In fact, due to the
often isolated geographical positions, long cables or overhead lines connections are necessary and SCR
ranging down to 1.5 or even less have been reported [40].

In Figure 9 the SCR of the system is swept from 10 to 1.5. The S-SVC damper and excitation
control parameters are tuned accordingly. As it can be seen from the pole map, the poles relative to
the LCL filter (1-4) are altered in their frequency, as the grid side inductance is modified. The S-VSC
stator poles (9, 10) are also affected, being the stator in an equivalent series connection with the grid
inductance. The effect is a lower damping of such poles that can be however easily compensated for
by increasing the virtual stator resistance R;. Finally, the low frequency mechanical poles (13-15) do
not lose damping, thanks to the tuning algorithm described in [38], but only change their natural
frequency. The excitation control pole (16) is not modified, as it is tuned to always obtain the desired
time constant.

As previously mentioned, the state-space model can be used for a wide range of analyses. Analyses
of interest are, for example, the pole map for different operating points (i.e., operation under load)
and the pole variation due to the influence of parametric uncertainty of the physical components
(i.e., grid inductance, filter parameters) on the tuning of both the controllers and the VSG.

60
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9
. 40 f L 15
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1000 r >S<\ :
20 f X
500 1 L x 05
— »® —
= 7 N 16 N
= 5.6 x® 0 ¥ poocx x x40 =
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() (b)

Figure 9. Pole map of the S-SVC when the SCR changes from 10 to 1.5. The arrows indicate a decrease
in the SCR. The poles are numbered according to Table 1. From left to right: (a) Complete pole map;
(b) Magnifications of the lower frequency poles.
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5.2. Experimental Validation

The obtained state-space model can then be verified by a comparison with either a simulation
of the complete system (e.g., Simulink, PLECS, PSCAD and other simulation tools can be used) or
experimentally.

In this case, the S-VSC has been implemented on a dSPACE DS 1007, controlling a 15 kVA
three-phase inverter connected to a grid emulator, as shown in Figure 10. The control runs at
fs = 10 kHz, which also corresponds to the switching frequency fs, of the converter.

Figure 10. Experimental setup where the controller is based on dSPACE.

The parameters of both the experimental setup and the S-VSC are listed in Table 2.
The following four tests have been performed to validate the state-space model using all the five
available inputs AP, AQ;.;, Awg, AEg and Ady:
Step active power reference variation AP} ;;
Step reactive power reference variation AQj,,;
Step drop of Grid frequency Awy;
Grid voltage drop AE, with phase jump Ady.

Ll e

In the first test (Figure 11) the active power fed to the grid and the frequency of the S-VSC are
compared with the outputs of the state-space model. The active power reference rises from 0.2 pu to
0.3 puat f = 0.2 s. This choice allows a more general test of the state-space model. In fact, as it can be
seen in (A5), a large part of the matrix Ds depends on the initial active and reactive power references
Py and Qé. Therefore, a non zero initial power operating point has been chosen, better to verify this
part of the model. As it can be seen from Figure 11 both the S-VSC virtual speed w, and the injected
active power are similar to the results from the state-space model. The state space-model, as it has been
described, does not take into account the non-ideal behavior of the measurement process (e.g., noise,
delays), which on the other hand may affect the experimental setup.
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Figure 11. Test 1: Step in active power reference AP;;, from 0.2 pu to 0.3 pu. From left to right: (a) S-VSC
virtual rotor speed (Hz) from experimental test (Exp) and state-space model (SS); (b) Active power
injected from the inverter (pu) from experimental test (Exp), filtered active power (Filt) and output of
the state-space model (SS).

In the second test (Figure 12), the reactive power injected by the inverter is compared, when the
reactive power reference rises from 0.1 pu to 0.2 pu. As with Test 1, the initial non-zero operating point
has been chosen better to test the model. Also in this case, the obtained model is accurate enough
to simulate the step transient in the reactive power reference. Again, the state-space model is not
including the non-ideal behavior of the experimental setup. This non-ideal behavior can be neglected
when dealing with longer timescales, such as in Test 2. In fact, the delays and the noise act with much
shorter time constants, which do not affect the behavior during these transients (operating in the time
scale of seconds).

0.25
0.2
=
£ 0.15
[« QEzp
0.1 Qi
= = = Qss
0.05 :
0 0.5 1 1.5 2

t(s)
Figure 12. Test 2: Step in reactive power reference AQ3,, from 0.1 pu to 0.2 pu. Reactive power injected
from the inverter (pu) from experimental test (exp), filtered reactive power (Filt) and output of the
state-space model (SS).

Test 3 (Figure 13) deals with the input relative to the grid frequency variation Awg. A step
frequency variation of —0.2 Hz has been applied by the grid emulator. The S-VSC tries to compensate
the frequency drop by injecting active power into the grid, providing a virtual inertial effect.
The state-space model well predicts both the S-VSC speed w; profile (Figure 13a) and the amount of
active power injected (Figure 13b). The modeling of the frequency variations, as obtained here, can
be useful in system level studies, when analyzing frequency regulation and inertial support. This
kind of analysis also helps studying the inertial effect resulting from a different tuning of the S-VSC
(the key parameters are in this case the inertia constant H and the virtual damper parameters T, and
Lyq, which are directly related to the electromechanical damping C of the virtual machine [38]).
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Figure 13. Test 3: Grid frequency step drop Awg from 50 Hz to 49.8 Hz. From left to right: (a) S-VSC
virtual rotor speed w, (Hz) from experimental test (Exp) and state-space model (SS); (b) Active power

injected into the grid (pu) from experimental test (Exp), filtered active power (Filt) and output of the
state-space model (SS).

[ (Hz)
P (pu)

Finally, Test 4 (Figure 14) validates the behavior of the system in case of a realistic grid fault.
During the fault, the voltage of the grid drops to 95% of its nominal value and a phase jump of
—5° is applied. For such tests, the quantities of interest are the reactive power injected into the grid
(Figure 14a) to provide reactive support and the virtual excitation flux of the S-VSC A, (Figure 14b)
to evaluate the time constant of the excitation control. As expected, the state-space model is well
predicting both the shape and the amplitude of such quantities, proving itself as a good analysis tool
to correctly tune the S-VSC to guarantee the desired reactive response during grid faults.
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Figure 14. Test 4: Grid voltage drop AE; = —5 % with phase jump Ady = —5°. From left to right:
(a) Reactive power injected into the grid (pu) from experimental test (Exp), filtered reactive power (Filt)
and output of the state-space model (SS); (b) S-VSC virtual excitation flux A, from the experimental test
(Exp) and state-space model (SS).

6. Conclusions

In this paper, a general step-by-step procedure to easily obtain the state-space model of a
grid-connected converter equipped with advanced cascaded controllers using CCM is presented.
This mathematical method is suitable to model cascaded controllers with interconnected signals
thanks to its modular approach. Moreover, it is easily possible to modify or reconfigure the system,
without remodeling it.

This approach can be used to derive state-space models of grid-tied inverters equipped with
advanced cascaded controllers or emerging control techniques, such as VSGs in order to study and
simulate the stability of a power system with a higher integration of renewable energy sources.
In addition, state-space models are favorable in case of multi-timescale analysis of the system:
the eigenvalues of the system can be obtained, as well as their correlation to the system state variables.
Therefore, simplified models can be obtained, neglecting high or low frequency phenomena which are
out of the scope of the analysis.

The single models obtained following this procedure can represent a useful tool for both power
electronics designers and grid operators. The first can obtain preliminary information on the weak
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spots of the system they are designing and test their behavior under different operating conditions.
From the grid side, such models would be provided by the manufacturers with different level of
details [3,4] to be integrated in a more system-level analysis.

This step-by-step approach has been verified with a practical example of the modeling of a VSG
model (S-VSC), which is then validated experimentally on a 15 kVA grid-connected inverter.
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Abbreviations

The following abbreviations are used in this manuscript:
CCM  Component Connection Method

VSG Virtual Synchronous Generator

HVDC  High Voltage Direct Current

S-VSC  Simplified Virtual Synchronous Compensator
PLL Phase Locked Loop

PI Proportional Integral

Appendix A

The subscript 0 indicates the value around which the linearization is performed.
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LCL filter matrices:
Ri+R¢ Rf
—Wy— Wrowp Wy
1 1
o Rt Ry 0
71.; h Nz Rfo + Ry + R
+Rg +
e 0 oS
Apcr = fg g Ry fe T8
wy, —WrWy
w, Lfg + Lg w,
e o
f Wy f
0 = 0
] Cr
[ o 0 0 Wyl
7
o 0 0 —a, 14
1
Wy q
0o 0 - 0 w,l
Brer = Lyg +Lg W, ' g(;
]
- —wyl
0 0 [P wy g
0 0 0 0 WV
LO 0 0 0 —w, V4
M1 0 0
0 1 0
Ry 0 ~Ry
0 R 0
Crer = !
LsRy o Rebrgt Ryl ~ LRy
Lyg+Lg Lyg+Lg
0 LRy 0
L Lg+Lg
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
Drer = L
fs
0 0 0
Lyg+Lg .
00 0 I3
L Lfg + Lg
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Current controller matrices:

0 0 0 0
0 0 0 0
Ao = i 0 *3 0
Ta 4 Ta 2
R A
[k 0 —k; 0
0 k; 0 —k;
_ 4 4 4
B = kad 0 —kad4 wroLiP (AZ)
4
0 kp=— Li— kp—
L "', @0 Ty PTy
-1 0 1 0
Cmo = 19 49 1}
[k, 0 k,  —wol
[ ) — r r r04i
fo I 0 —kp erLi kp
S-VSC electromagnetic part matrices:
_ R,
—Wp—  WrWp 0
Ld
Wrow w Ry w Ry
A = —WrWp —WpT b
Elt Ly L, )
0 Ly 1+Ly/L,
L quoL,; Trq0
r R
wy 0 waqO wa—,z,’
B = d
Et 0 wp —wpAgp 0 (A3)
L0 0 0 0
—— 0 0
Cer = d 1 1
L Lq LW
00 0 L
Dpy = Ld
0 0 0 0
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S-VSC power loops matrices:

[0 00
Apower = Wy 00
L 0 00
_0 0 Lo _heo Ve Ve 0
2H 2H 2H 2H
Bpower = |0 0 0 0 0 —wy
I, \% V.
00 kw0 7kg[”d0 300 T8d0
L Vg Vg0 Vso Vso
0 0 0 (A4)
0 0 0
Crower = 100
010
0 01
[0 0 La Too Vewo Ve O
0 0 —lygo lwdo Vego —Veao O
Dpower = 0 0 0 0 0 0 0
00 0 0 0 0 0
10 0 0 0 0 0 0
Power to current reference calculation:
DRef =
(2 2 « 2 2 "
Ugdo Vg0 Ugdo Vg0 TUgdo Vg0 D0 (vgq0 = Vgao) — 2Q4Vga0¥gq0 Q5 (Va0 — Vgg0) — 2P5Vgd0vgq0
2 2 2 2 2 2 4 4
oo Yoo Yoo e Yo Yo o Ve o (A5)
Vg0 Ugio Vg0 Ugio Ugo  Ugao  2PoUgaovge0 +Q5(Vge0 — Vo) Po (Va0 — Uggo) +2Q50gd00gq0
2 2 2 2 2 2
Ve Voo Va0 Voo Vao Vso Vo Veo
Grid perturbation matrix:
e, eng e
890 F - TC0
Dgria = eé;% (A6)
—e == e,
8d0 Eg(] 8d0
Connection matrices. Only the non-zero elements are given:
Tuy(l,7) =1 T,,y(Z,S) =1 T,,y(3,18) =1 T,,y(4,19) =1 Tuy(5, 13) =1
Tu(6,16) =1 Ty(7,17) =1 Ty(81) =1 T,(92)=1 T,(10,3)=1
Tlly27><19 T,,y(11,4) =1 Tuy(12, 13) =1 Tuy(l?:, 15) =1 Tl,y(14,3) =1 Tuy(15,4) =1
T,,y(16,9) =1 Tuy(17,10) =1 Tuy(Zl,ll) =1 TZ,}/(ZZ,IZ) =1 Tuy(23,3) =1
Tuy(24,4) =1 T,,(2514) =1 (A7)
Tus2zss ¢ Tys(18,3) =1 Tue(19,1) =1 T,5(20,2) =1 Tue(26,4) =1 T,s(27,5) =1
3 3. 3.4 3.4
Tsy(lrl) = ngo Tsy(lr3> = glgo Tsy(l/ 2) = 53 30 Tsy(1/4) = Ealgo
Toyexao © Tey(2,2) = 5‘{;’0 Toy(2,4) = 5150 Toy(2,1) = nggf’o Tey(2,3) = 75150

Ty(3,13) =1  Ty(414) =1
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Abstract: In this work, a computationally efficient approach for the simulation of a DC-DC converter
connected to a photovoltaic device is proposed. The methodology is based on a combination of a
highly efficient formulation of the one-diode model for photovoltaic (PV) devices and a state-space
formulation of the converter as well as an accurate steady-state detection methodology. The approach
was experimentally validated to assess its accuracy. The model is accurate both in its dynamic
response (tested in full linearity and with a simulated PV device as the input) and in its steady-state
response (tested with an outdoor experimental measurement setup). The model detects automatically
the reaching of a steady state, thus resulting in lowered computational costs. The approach is
presented as a mathematical model that can be efficiently included in a large simulation system or
statistical analysis.

Keywords: DC-DC converters; photovoltaics; single-diode model; state-space

1. Introduction

Modeling the dynamic behavior of a photovoltaic power system is a challenging and actual
topic due to its nonlinear nature and its dependence on environmental quantities [1]. The whole
conversion system is, in general, composed of several photovoltaic devices, DC-DC conversion stages,
energy storage units, and, usually, an inverter for grid connection. Considering the chain from the end,
grid-connected inverters are usually well-understood, and considerable literature can be found on
modeling both their AC and transient responses [2—4]. Most researches consider parasitic components
that highly affect the converter operation, using both a linear equivalent circuit approach and state-space
averaging methods [5-13]. On the other hand, energy storage is an open topic considering the wide
options for storage technologies that are available or rising [14,15]. The DC stage is considerably simple
to model when the input voltage can be considered an ideal source; however, a nonlinear device such
as a photovoltaic (PV) panel can void several assumptions used for the simple steady-state modeling
of the DC converter. Electrical modeling of a PV device involves an interaction with the environmental
variables of irradiance (G) and temperature (T) to correctly represent the voltage-current relationship
of the device. The assessment and forecasting of such quantities, especially irradiance, is an open
problem in the literature [16-19]. Modeling the PV device connected to a DC converter can be difficult,
computationally intensive, and might lead to numerical instability. A complete overview of the issues
related can be found in [1,4,20], where the stability of the control process is discussed in an exhaustive
way, including the problematics related to maximum power point tracking and small-signal modeling
of the PV source. The reading of [4,20] is also important to better understand the differences raised
when the PV source is considered equivalent to a voltage or current source. The purpose of this work
is to address the difficulties in modeling the nonlinearity of the PV source characteristic by discussing
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a computationally efficient implementation of the model. Two key aspects are optimized. The first
one involves the simulation of the PV device by means of the single-diode model (in the version of
a five-parameters model) [21,22]. This circuit model is accurate on the majority of silicon devices,
under variable environmental conditions [23]. This individual element of the framework was chosen
with solid foundations in state-of-the-art approaches. The single-diode model is a preferred choice for
the vast majority of PV literature, both for its computational speed and the wide options for model
identification algorithms available. The model was implemented in the framework, with some recent
optimizations to enhance the numerical stability. Through the application of the Lambert W function,
two explicit relationships can be formulated [24]: the voltage can be written as a function of the current
or the current can be written as a function of the voltage, i.e., the PV source becomes equivalent to a
current-controlled voltage source (CCVS) or to a voltage-controlled current source (VCCS). However,
for some operating conditions of the one-diode model, an exponential overflow can cause divergence
in the Lambert function expressions. This shortcoming is addressed through an additional functional
mapping [25,26]. The second optimization involves the transient simulation of the DC-DC converter
connected to the PV device. A procedure to predict the steady-state value of the state variables is
proposed. Using this knowledge, the transient simulation can be halted as soon as a steady state is
reached. It should be underlined that this work aims to create an efficient framework for the simulation
of a DC-DC converter in the presence of a PV input; thus, the steady-state detection approach is its core
concept, since it is able to shorten drastically the computational times. This is particularly important
since a time domain analysis is performed to remark the nonlinear and time-varying behaviors of the
PV source.

The accuracy of the proposed modeling approach was validated experimentally on three
workbenches. The first one to assess the dynamic model of the DC-DC converter without the
nonlinearity introduced by the PV device. The second to assess the accuracy of the steady-state
predicting procedure when a real PV device is connected to the DC-DC converter. The third one to
assess the accuracy of the transient response for the full DC-DC converter plus PV device system,
making use of a PV device electrical emulator and a programmable DC load.

An important contribution comes from the presentation of the proposed approach. The majority
of the simulations involving DC-DC converters and PV devices found in the literature make use
of circuit simulation software [27-29]. The further inclusion of these simulations in larger analyses
(e.g., Monte Carlo or a grid simulation for machine-learning purposes [30-32]) is difficult and unpractical.
The approach proposed in this work, on the other hand, is presented in the form of clear mathematical
models that can be implemented in any programming language.

The paper is structured as follows. In Section 2, the proposed model is described as composed
by the PV device model, the transient and steady-state model for the DC-DC converter, and the
steady-state prediction procedure, along with a computational costs discussion. In Section 3, the sizing
and hardware implementation of the DC-DC converter is described. The three experimental validation
workbenches are described, and the results are presented in Section 4. Final considerations and
conclusions close the manuscript.

2. The Proposed Model

The model presented in this work represents a photovoltaic device connected to a DC-DC converter
with a resistive load. The nature of the real system to represent includes both the electrical behavior of
the DC-DC converter and the nonlinear, environmental-dependent nature of the PV device. The model
aims to represent the electrical behavior of the full system with a good accuracy, with reduced
computational costs both in the transient and steady state operations. This is achieved through a lean
reformulation of the current-voltage relationship for a single-diode model, a state-space formulation
for the DC-DC converter, and, most importantly, an effective strategy for steady-state detection.
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2.1. Single-Diode Model for Transient Simulations

The single-diode model is an equivalent circuit model that can be used to represent the electrical
behavior of a PV device with arbitrary conditions of irradiance (G) and temperature (T). The circuital
representation of the model is shown in Figure 1 It should be noted that the single-diode model is
meant to represent a single PV cell. However, under the assumptions of uniform irradiance and
temperature, it can be used to represent an arbitrary series and parallel of PV cells. Thus, it is suitable
to represent PV panels, strings, and arrays.

lirr 1O Ynlo %R Y

Figure 1. Single-diode equivalent circuit model for a photovoltaic (PV) device.

Considering the only part of the circuit where the voltage (vpy) and current (i) are defined in an
active sign convention, the voltage-current relationship of this model can be easily derived by applying
the Kirchhoff Current Law. As can be seen, it is nonlinear, transcendent, and implicit.

U, + R L U+ Roi
po svv)_l]_ pt Rt ) M

Liy = 1o [exp( n v R va

SH

The five parameters of the model are plainly apparent in the equation, where I;;, is the generated
photocurrent, I, is the diode reverse saturation current, 7 is the ideality factor, Rg is the series resistance,
and Rgy is the shunt resistance. Since (1) describes the voltage-current relationship of the device,
the general application involves the determination of the current for a known device voltage or
vice-versa. Unfortunately, since (1) is implicit and transcendent, the only way to solve it is by using
iterative root-finding techniques, such as the Newton-Raphson method, fixing either the voltage or
the current, and solving the equation for the missing variable. This approach is very common and is
acceptably fast but, as will be shown below, lacks a proper explicit formulation.

Regardless of the difficulty in solving (1), the single-diode model must be identified prior
to being able to represent a physical device. Identification of the model (over a physical device)
consists in the determination of the five parameters that results in the best fit with the electrical
characteristic of the device at the standard reference conditions, SRC (T = 25 °C and G = 1000 W/m?).
Several methodologies exist in the literature that allow identification either from experimental
measurements [25,33] or quantities from the constructor datasheet [22].

Since the circuit model of the device is identified at the SRC, the model must be completed by a
set of equations [23] that express a dependence of the five circuit parameters from the environmental
conditions of irradiance (G) and temperature (T).

Rs = RS,ref @
n = Nyef ®3)
G
Rsh = Rsh,ref(?ef) (4)
Gre
Lipr = Iirr,ref(Tf)[l + D((T - Tref)] ®)
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Eg(Trf)  Eg(T)

KT, kT

(6)

3
T
Ip= IO,ref(T_f) exp

Through this set of equations, it is possible to update the electrical characteristic of the model for
a time-variable profile of irradiance and temperature, which is the classic scenario for a real PV device.
The subscript ref is for the parameters when the model represents the device at the SRC. The other
symbols are k for the Boltzmann constant, a for the temperature coefficient for the open-circuit current,
and Eg (T) is the temperature-dependent bandgap energy of the semiconductor used for the device
construction. If this current-voltage (I-V) relationship is to be included in a transient analysis, such as
the one for a DC-DC converter, for each time step, a nonlinear root-finding problem should be solved,
with an added computational burden. This is especially true if several PV devices are connected in a
series or in parallel. A first reformulation of this relationship is found in the literature through the
means of the Lambert W function, resulting in two expressions [24]:

. , I,R Rsp(Lin + 1o — ipv
Zipz;(lpz;) = RSH(Iirr + Ig) - (RS + RSH)ZPU -nV; W on;tH exp ( iz ) (7)
i ("U ) _ _H_Vtw & " IoRsH . Rsg  Ypo+Rs (Lirr + 1) (Tirr 4 Io)Rsy — Upo ®)
P Rs '|nVi Rsy+Rs Rs + Ry nVi Rsp + Rs

This reformulation moves the computational burden of the root-finding algorithm from the
solution of a generic equation to the solution of the Lambert W function for a positive argument.
Although the explicit current relationship (8) is, in general, without computational problems, the same
cannot be said for the explicit voltage relationship [25,26]. When very large arguments appear in the
exponential used in (7), which is limited to arguments below ~700 in a 64-bit double-precision float
computation environment, the overflow may lead to divergence. A possible solution involves using a
mapping function such as the one in (9) and (10).

g(z) = In[W-exp(z)] ©)

g(z) +explg(z)] = 2 (10)

From this mapping, the explicit voltage relationship is

IORSH) n RSH(Iirr +1o— ipz;)

. . LRsH
Upv(lpv) = —ipp'Rg +n-Vy [8(2) - ]n(o_)]z = 111( nV, v,

T (11)

which can be used along with (8) to include the I-V relationship of a PV device in any Kirchhoff circuital
equation resulting from a state-space analysis of a dynamic circuit.

2.2. Transient Model for the DC-DC Converter

The topology investigated in this work is a classic buck-boost converter. This topology is useful
both for load-oriented applications (e.g., battery charging and equalization [34,35]) and source-oriented
applications (e.g., maximum power point tracking [36]). The circuit model, featuring the main parasitic
elements, is shown in Figure 2 where, Cpy is a capacitor stabilizing the converter input voltage, Ry is
the on resistance of the controlled switch (e.g. a power mosrET), R is the inductor L equivalent series
resistance, V4 is the diode threshold voltage, Rp is the diode conduction resistance, C is the converter
output capacitance and R is the converter load resistance; moreover, iy, is the panel output current,
if is the inductor current, vcyy is the voltage across the input capacitor and, vc is the voltage across the
output. Since the purpose of this work is to create a model able to represent the full system both in the
transient and steady states, the first step involves the identification of the state variables of the system
and the derivation of the relative state equations. The system is commuted through a switch and a
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diode, and for this reason, two sets of state equations needs to be defined: one for the ON state and
one for the OFF state. Through simple observations, the ON and OFF state equations of the circuit can
be derived.

: 1
o a=(w)
ON : Xy = Z[X3 - (RDS + RL)XQ] (12)
X3 = ﬁ[ipv(x?)) —X2
= dow)
OFF: { & = }(-x2Rp + X1 = Vg — Rp2) (13)

¥ = e[ (0s)]

i V
i R fwd R
(44 DS ~ D
ON-OFF ON-OFF ~+
- L -
CnT | Ve s L% 6= R
ot -
R Ve, Xq

Figure 2. Circuit model for the PV device connected to the DC-DC converter, highlighting the
parasitic components.

The state variables appearing in (12) and (13) are the following: x; is the voltage across the output
capacitor, x; is the current through the inductor, and x3 is the voltage across the input capacitor. As can
be seen in the last state equation, the I-V relationship of the PV device affects the current of the input
capacitor. This is the only nonlinearity present in the dynamic model of the system. The PV device
is connected directly in parallel with the input capacitor, and since its voltage is known at each time
step (being a state variable), the most convenient choice to express the PV electrical relationship is (8),
and consequently, it acts as the VCCS. However, if a more complex converter was implemented, or if,
for some reason, the input capacitor was to be removed, the series connection between the PV device
and the main inductor L would result in a more practical choice of (11) as the relationship to represent
the PV device.

The state equations can be integrated numerically to create a time response of the system.
Assuming a variable profile for irradiance and temperature, the PV circuit parameters (and thus,
the resulting state equations) can be updated by means of (2)-(6). As the system reaches a steady state,
the integration can halt, and the simulation can proceed with a steady-state linearized model. Since the
system is nonlinear, it is impossible to estimate the steady state from the time constants, and it must be
manually detected by observing the state variables.

2.3. Steady-State Detection and Modeling

In a steady state, it is safe to assume that the large capacitor in parallel with the PV device has
a stable and constant voltage across it. From a system point of view, this transforms the former
state variable in a system input. Since the nonlinearity is hidden behind this input, it is possible to
approach the DC-DC converter simulation with classic tools such as defining the transfer function
via the state-space average (SSA) [37,38]. With reference to the first two equations of (12) and (13),
the linearized and averaged system is shown in (14), where Vyy is the constant voltage across the Cpy
input capacitor. This new system can be integrated analytically or numerically with a large time step
for reduced computational costs.

A= _% % B= 0 ;U= Vi ;X = a i =Ax+Bu (14)
= % D(RD—RDsz—(RL+RD) s B= % % s U= V A IPR i
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From the SSA system, by assuming a steady state, three transfer functions can be easily derived:

Vour _

Vin

Rour

(D-1)+2

-D
(Rp—Rps)—(R.+Rp)
R(1-D)
Iour - 1-D
Iy D
_D?

RN

(l—D)[(D—1)+

D(Rp—Rps)—(R.+Rp)
R(1-D)

(15)

(16)

17)

Indeed, in (17), the R on the right-hand side of the equation is equal to Rpo;7. The transfer functions
can be used as a method to detect the steady state through these simple steps:

- Using (17), find the equivalent input load seen by the PV panel across the DC-DC converter.

- Find the operating point of the PV panel through (11) or (8) and the steady-state input voltage Vy ss.

- Using (15), determine the steady-state output voltage Vourss.

- Calculate the output current with Ohm’s law, then use (16) to determine the input current Iy ss.

- Calculate the average current through the inductor as I}, ss = Ijn ss/D-

- To determine the accuracy of the steady state, compare x; with Voyrss, X2 with Iy ss, and x3

with Vinss-

An example of this comparison is shown in Figure 3 for three different values of duty cycle
D (0.4, 0.5, and 0.6). The transient reaches a steady-state value that is very close to the predicted
steady-state value obtained through the (15)-(17) transfer functions. From an implementation point of
view, since the electric quantities are averagely constant once a steady state is reached, the simulation
can be halted or, if needed, can be performed with very large time steps using (14), which can hold
for small perturbations as well. This results in an almost negligible computational cost. On the other
hand, if a large perturbation (e.g., on the load or in the environmental conditions of the PV device)
occurs, it is possible to restart the transient simulation using the steady-state quantities of Vourss,
I1ss, and Vy ss as the initial conditions for the three state variables: x1,x,, and x3.

3

Vour(V)

1

Vin(V) 1L(A)
N o =] N B

o

2F

IS

- :
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Figure 3. Comparison between the transient solution of the circuit (full-colored lines) and the estimated

steady-state value of the three state variables (dashed black lines). The blue curve is relative to D = 0.4,

magenta to D = 0.5, and red to D = 0.6.
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2.4. Computational Costs

The model computational load is only relevant for the transient part and is composed by the
short time-step integration of (12) and (13). Inside this computation, a large contribution to the
computational cost comes from the solution of (8) by means of the Lambert W function at each time
step. The model was profiled for performance on a Core i7 Windows 10 machine running Matlab2020a
by The Mathworks, Inc., Natick, Massachusetts (MA)considering a variable number of time steps
(from 6400 to 640,000) to account for the memory usage effects. The average computational time
for a single time step is 4.213 x 10~ s. The contribution from the solution of (8), considering the
variable irradiance and temperature (thus, considering the use of (4)—(6) for parameter updates) is
1.731 x 1075 5. In other words, more than 40% of the computational burden is related to the nonlinear
nature of the problem and, in particular, to the solution of the Lambert W function found in (8) (or the
g function found in (11), in case a voltage relation is needed).

The costs involved for the transient part of the model are considerable and would lead to long
computational times for simulations. In this context, the ability to quickly switch into a simpler
steady-state model after the transient is exhausted is a strong feature that makes this approach suitable
for further integrations into more complex analysis protocols, such as Monte Carlo optimizations.

3. DC-DC Converter

To validate the proposed model, a DC-DC converter was built to interface the load with the
photovoltaic panel. The converter constraints are summarized in Table 1.

Table 1. System parameters.

Parameter Value Description

fo 20 kHz Switching Frequency
D 0.3-0.6 Duty Cycle Range

Vi max 333V Maximum Input Voltage
1, 6.67-40 A Output Current
Rp 0-20 0 Load Resistance

AV, 03V Maximum Output Ripple
P, 100-295 W Output Power

The procedure given in [8,39] is used for the DC-DC converter design. The average output current

is calculated as )
I‘anax _‘_I(I)nln

I, = >

The inductor average current is expressed as

=2334A (18)

I

I =
L=1-D

(19)

Thus, the inductor average current I; depends on the duty cycle. If the system operates at
D = Dmax = 0.6, the current is Iinax = 58.34 A, while if the converter operates at D = Dpax = 0.3,
the current is """ = 33.34 A.

The minimum value of inductance needed to operate in continuous conduction mode (CCM) is

2
RP™(1 = Diin)

Linin = 2F =184 uH (20)
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while the minimum capacitance needed to operate at the desired output voltage ripple is

ngaXDmin

m
Iy

f[AVo - (& + %)ESRC]

= 578 uF 1)

Crnin =

The input capacitance is used to hold up the input voltage during the time when the energy is
decreasing in the inductor.
If the input voltage drop should not be bigger than the input voltage ripple AV}, the minimum

effective value for this capacitor C}R}“ is estimated with
. [; Dmax
Cimin — L =173 mF 22)

f[AVin - ALLESRc,, |

Equation (10) in [40] implies that higher equivalent series resistance of the capacitor (ESR) increases
the input voltage drop. A SCT3022AL SiC power MosreT driven by a IEDC60H12AH isolated gate
driver is used in the Buck-Boost converter.

The MosreT has a breakdown voltage Vpgs = 650 V and a nominal conduction resistance of
rps = 22 mQ). A FFSP2065B SiC diode with a reverse voltage Vggy = 650 V and a continuous rectified
forward current Ir = 20 A is used. The final sizing for the dynamic components of the DC-DC converter
used in the experimental validations is shown in Table 2. It should be noted that the ESRcyn and ESRc
were reported in the table, but for simplicity, they were neglected in the circuit model.

Table 2. Dynamic component values.

Component Measured
Inductance L 224.62 ptH/ESRy, = 0.023 Q)
Capacitance C 662.32 uF/ESRc = 0.016 Q)

Input Capacitance Cpy 2937.2uF/ESRcny = 0.016 QO

4. Experimental Validation

The converter described in Section 3 was utilized in three different experimental workbenches
(WB): WBI involved the measurement of the dynamic response for the DC-DC converter at a constant
voltage input. WB2 involved the steady-state response of the DC-DC converter with a real PV
panel as an input and operated under outdoor variable environmental conditions. WB3 involved the
dynamic response for the DC-DC converter with a hardware-simulated PV device as the input and a
programmable load as an output. The experimental measurements of each WB are compared against
the simulation based on the model described in Section 2.

4.1. WB1: Constant Voltage Input

The purpose of the first test is to assess the transient accuracy of the model for the DC-DC converter
by itself, using as input a voltage source. As stated before, a PV source is drastically different from a
voltage source, but we consider this first test important for the setup of the approach. By removing
the main nonlinearity from the system (i.e., the PV device), this allows for an analysis that is focused
only on the transient evolution of the fast-dynamic elements of the converter. The measurements and
the simulations represent the turn-on transient of the DC-DC converter with a constant input voltage.
The transient measurements were acquired using a dSPACE MicroLabBox (dSPACE Inc. Wixom, MI,
USA), which is an integrated solution for measurement and hardware development. The system
is based on an NXP (NXP Semiconductors Netherlands, Eindhoven) processor (dual core, 2 GHz),
features eight analog input channels with independent ADC conversion (14-bit and 10 Msps) and
a voltage range of 10 V. The system features analog outputs as well, with 16 channels featuring
independent DAC conversion (16-bit and 1 Msps). Moreover, the system features 48 digital I/O ports
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configurable to implement the most common digital interfaces (e.g., CAN, I2C, SP], etc.). For the
purpose of this setup, the digital output of the dSPACE was used to create the driving signal for the
Pulse Width Modulation (PWM) of the DC-DC converter, and the analog inputs were used to sample
the input and output voltage of the converter. The results of the output voltage at constant input
voltages of 5 V and 7 V are shown in Figure 4.
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Figure 4. Turn-on transient response of the converter with constant input voltages: 5V (a) and 7 V (b).
4.2. WB2: Outdoor PV

The purpose of the second test is to assess the steady-state accuracy of the model when a real
PV panel is utilized as a source. The steady-state value is strongly influenced by the environmental
values of irradiance and temperature. For this reason, an outdoor setup was implemented featuring
a 230-W PV Panel TW230P60-FA2 by Tianwei, Changhua, Taiwan(a datasheet extract showing
the open circuit voltage Voc, the short circuit current Isc, the maximum power voltage Vyp
and the maximum power current Iy;p can be seen in Table 3) and an instrumental chain for the
acquisition of instantaneous irradiance, panel backside temperature, DC-DC input voltage, and DC-DC
output voltage. The measurements are performed using a dedicated instrument for PV panel testing,
the Chauvin Arnoux Green Test FTV100 by Chauvin Arnoux, Paris, France. This instrument features
input ports for both AC and DC voltage and the current measurements, along with a set of input
ports for the temperature and irradiance probes. For the purpose of this test, the DC ports for voltage
(up to 1000 V) and current (up to 200 A) were used. The temperature was measured through a PT100
temperature probe by Chauvin Arnoux, Paris, France (30 to 80 °C range with 1% accuracy), and the
solar irradiance was measured through a pyranometer by Chauvin Arnoux, Paris, France (up to a
2000 W/m? range with 2% accuracy). For this measurement, a constant load resistance 11 () and three
different duty cycles (40%, 50%, and 60%) were used; the choice was done to test the system in a
mid-working condition. Measurements were performed in January 2020 at 43.799° N. The measurement
chain is schematized in Figure 5, along with the electrical characteristics of the panel in Figure 6.
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The field implementation is shown in Figure 7. The irradiance values and temperature (Figure 8)
recorded by the FTV100 were used to simulate the PV device under variable conditions. The Chauvin
Arnoux was configured to average the temperature and irradiance measurements over 10 s. Thus,
300 points is a measurement spanning over 50 min. The small irradiance values are a consequence of
the local weather during the tests. It is worth noticing that obtaining a good steady-state accuracy at
low irradiances is much more difficult than at quasi-SRC, due to the behavior of the Rgy parameter of
the one-diode model for low values of G. The steady-state input and output voltages, simulated and

measured, are shown in Figure 9.

Table 3. TW230P60 electrical characteristics.

Voc (V) Isc(A)  Vmp (V)

Inp (A)

37.3 8.22 29.4

7.82

Pyranometer

@ PV Panel
TW230P60-FA2

DC-DC

Vout T

Chauvin Arnoux | Voltage Input 1
Green Test FTV100

Voltage Input 2

Figure 5. Measurement chain for the steady-state response over a variable irradiance and temperature.
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Figure 6. Electrical characteristics of the TW230P60-FA2 panel at the standard reference conditions (SRC).
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Figure 7. Experimental workbench for the outdoor PV test.
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Figure 8. Irradiance (a) and temperature (b) conditions recorded during the measurement.
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Figure 9. Simulated and measured steady-state input (a) and output (b) voltages.

4.3. WB3: Variable Output Load

The purpose of the third test is to assess the transient accuracy of the model when a PV source
is present. Since changes in the irradiance and temperature are, in general, very slow if compared
to the time constants of the system, there is no real interest in simulating the transient involved in
them. On the other hand, the output load can change abruptly if a sudden energy sink is present.
For the purpose of the experimental validation, this scenario was created by using a step-variable
load. The measurement chain, schematized in Figure 10 and shown in Figure 11, is composed by
a four-channel oscilloscope (Tektronix TDS3014b by Tektronix, Inc. Beaverton, OR, USA), a 700-W
PV Device programmable simulator (TerraSAS ETS60), and a programmable AC-DC load (Itech IT
8615). A summary of the instrument’s relevant characteristics is shown in Table 4. In particular, the PV
simulator was programmed to simulate the panel reported in Table 5. The programmable load was
programmed to switch between the values of 7.5 Q) and 17.5 Q). The choice for these values was made
considering that the PV device would work at the SRC, and for this I-V relationship, the panel would
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switch from a quasi-SC (Short Circuit) condition (at 7.5 ) to a quasi-OC (Open Circuit) condition
(at 17.5 Q1), achieving a large transient. The duty cycle of the DC-DC converter was kept at D = 0.5.
The results of the two tests are shown in Figures 12 and 13. In the first one, the load resistance initially
is 17.5 () and is commuted to 7.5 () once a steady state is reached. In the second one, the initial load
resistance is 7.5 () and is commuted to 17.5 Q) before the steady state is reached. All the performed
experimental tests confirm that the model correctly simulates both the transient and steady-state

operations of the considered systems.

PV Simulator Progr. Load
TerraSAS ETS60 i T menE ey T IT 8615
______ {CH1 :
Oscilloscope 1
TDS3014b Bh2 3

= A
< N

Figure 11. Experimental workbench depicting the TerraSAS ETS60 (a), the TDS3014b (b), the DC-DC

converter (c), and the IT8615 (d).

Table 4. Instrumental chain of the workbench 3 (WB3) summary.

Instrument

Characteristics

Tektronix TDS3014b Oscilloscope

Four channels, up to 100 MHz

1 mV/div to 10 V/div vert. sensitivity
4 ns/div minimal time base

GPIB and LAN connectivity

Ttech IT 8615 Electronic Load

Up to 420 Vrms range and 1800 VA
45-Hz to 450-Hz frequency range
GPIB, LAN, and USB connectivity

TerraSAS ETS60 Solar Simulator

Output up to 66 V (OC) and 14 A (SC)
Maximum output power 714 W

I-V curve resolution of 1024 points
LAN connectivity
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Table 5. Parameters for the PV simulator.
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Figure 12. Transient evolution of the input voltage (a) and output voltage (b) for an output load change
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The results obtained from this last workbench confirm the accuracy of the dynamic model even in
presence of the PV device nonlinearity. Although a small error can be seen in the steady-state parts
(which can be accounted for considering the nonideal connections), the transient evolution timings
match almost perfectly the simulation. This is particularly meaningful if this model is to be used for
the study of the DC-DC converter control systems, such as an MPPT controller, where an incorrect
estimate of the time required for the system response could result in a completely different behavior
between the simulations and the real system.

5. Conclusions

In this paper, an efficient and accurate methodology to simulate a DC-DC converter in photovoltaic
applications was proposed, with the aim of creating a framework suitable for further integration in
larger simulation and analysis environments. The proposed model was formulated to represent both the
physical-to-electrical behavior of a photovoltaic device (i.e., taking into account nonelectrical quantities
such as temperature and irradiance) and the dynamic nature of the DC-DC converter. The accuracy
of the proposed approach was validated against three different experimental workbenches (two for
the transient response and one for the steady-state response) to assess the reliability of the approach.
The model in the steady state can be integrated with state-of-the-art measurements and the forecasting
of irradiance [17-19] for power plant-produced energy estimations, and, in general, to assess the
electrical quantities of the system over a large timespan. The dynamic model is crucial for innovative
photovoltaic applications, such as automotive [41], where sudden changes in the environmental
quantities often perturb the steady state, or PV systems, with highly variable power absorptions.

The possibility of integration for such a model in larger structures, which is the main aim of
this research, is related to its computational efficiency and the wide adaptability that comes from
its constituent parts. The single-diode model might not be the most accurate model for PV devices
in the literature (more accurate, yet slower, is the double-diode model [42]), but it is a standard de
facto for the representation of silicon devices, has solid literature concerning the model identification,
and is computationally light. Moreover, the state-space approach, and the explicit current-voltage
characteristics introduced for the PV device, make the methodology described in this work applicable
to many different DC-DC converter topologies.

The methodology has, indeed, possible evolution and open problems. The choice of the single-diode
model was widely justified for silicon devices, yet for some new technologies such as organic PV,
it would be interesting to implement and validate other, more complex, circuit models [43,44]. To make
this inclusion viable from a computational point of view, it might require numerical optimization of
the circuit relations describing the models [45,46].

A second interesting possibility is to further extend the model chain. On the PV side, the model
could be coupled with forecasting or measurement methodologies for the environmental quantities
of irradiance and temperature [17-19]. On the load side, grid connection could be considered along
with a load profile. This later quantity, analogously to the environmental quantities of irradiance and
temperature, has a large literature field concerning measurement and forecasting [47-49].
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Abstract: With the introduction of the more electric aircraft, there is growing emphasis on improving
overall efficiency and thus gravimetric and volumetric power density, as well as smart functionalities
and safety of an aircraft. In future on-board power distribution networks, so-called high voltage
DC (HVDC, typically +/-270VDC) supplies will be introduced to facilitate distribution and reduce
the associated mass and volume, including harness. Future aircraft power distribution systems
will also very likely include energy storage devices (probably, batteries) for emergency back up
and engine starting. Correspondingly, novel DC-DC conversion solutions are required, which can
interface the traditional low voltage (28 V) DC bus with the new 270 V one. Such solutions presently
need to cater for a significant degree of flexibility in their power ratings, power transfer capability
and number of inputs/outputs. Specifically, multi-port power-scalable bi-directional converters
are required. This paper presents the design and testing of such a solution, addressing the use of
leading edge wide-band-gap (WBG) solid state technology, especially silicon carbide (SiC), for use as
high-frequency switches within the bi-directional converter on the high-voltage side.

Keywords: DC-DC converters; multi-port dual-active bridge (DAB) converter; wide-band-gap (WBG)
semiconductors; silicon carbide (SiC) MOSFETs; power converter

1. Introduction

The use of 115V 5¢ 400 Hz and 28Vpc power networks is a historical feature of avionic electrical
power generation and distribution systems. The AC power is used directly for high power loads,
such as starting, and is then rectified and conditioned to supply the bus power of +28Vpc distributed
to aircraft control systems, flight decks, and entertainment systems. However, there has been a
pronounced movement within the aerospace industry to shift towards cleaner, more efficient and
lower maintenance aircraft design as a result of the emergence of high fuel prices, the global warming
problem, and high operating costs. The electrification of the aircraft to replace hydraulic or pneumatic
functions with electrical ones is one of the prime movers in this field, as in the concepts of the More
and All electric aircrafts [1-3]. This refers in particular to the replacement by electric actuators of
complex aircraft hydraulic actuator systems, thereby dramatically reducing weight, maintenance costs,
fuel consumption, footprint of carbon dioxide, and operating costs. Furthermore, the removal of
pneumatic engine bleed systems makes it possible to run the engine more effectively and thus to save
additional fuel.

The replacement of hydraulic and pneumatic systems with electric actuators and systems greatly
increases the total electrical power requirements for an aircraft, requiring new approaches to the
safe and intelligent delivery of aircraft power. To achieve the higher power ratings in a feasible way,
novel enhanced aircraft Electrical Power Distribution System (EPDS) architectures investigated over
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recent years include smart power management systems, characterized by the presence of at least one
high-voltage dc bus (HVDC, +/-270 V) and a low-voltage DC bus (LVDC, typically, 28 V), as illustrated
very summarily, for instance, in Figure 1. Such architectures require the presence of HVDC/LVDC
bi-directional DC-DC converters to interconnect and manage power transfer between the two bus
levels, also enabling the addition of energy storage devices. Due to the abundance and variety of
loads and still partly undefined power ratings (e.g., batteries) here, the focus is on a solution which
enables a high degree of flexibility in relation to power scaling. In particular, a solution is pursued,
in which a basic DC-DC converter power cell can be paralleled a number of times with control and
supervision functionalities carried out by a unique central board. The prime drivers of the design are
of course efficiency and power density, with an eye also to solutions meeting the single-fault tolerance
expectations typical of avionic solutions. The design and test results of both single power cell and

parallel operation are presented.
l JetFuel

- Propulsion
Thrust (=~ 40MW)

AC
DC
+270V |
DC DC
DC AC

28V

Figure 1. Generic illustration of future aircraft electrical network, including an high voltage dc (HVDC)
power distribution bus: dedicated bi-directional DC-DC converters interface the 270 and 28 V buses;
inverters cater for the AC loads (e.g., motors in pumps, actuators). Additional ports in the DC-DC
converters may also be used to interconnect storage devices, with different voltage levels.

2. 270-28 V Bi-Directional Converter Design

The dual-active-bridge (DAB) topology was chosen among different solutions, for the following
main advantages in this context [4,5]:

m  Istorder dynamics and current generator equivalent characteristics, which enable straightforward
parallel-ability and thus: (a) overall power scalability; (b) in-built redundancy and guarantee
of reduced power operation capability; (c) overall efficiency optimization taking into account
maximum efficiency versus load values of individual converter cells;

n easy extension to multi-port realization to interconnect, for instance, to storage devices [6];

m  Zero-Voltage-Switching (ZVS) turn on of the power devices over a broad load range;

m  suitability for use of planar magnetics design with possibility of integrated magnetics solutions;
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m  intrinsic current limitation in case of output short-circuit fault without the need for additional
limiters or breakers.

DAB converter theory and operation is amply covered in literature already (see [2,3,6-8],
for example) and so, here, the treatment of fundamental aspects is limited to some essential points of
relevance to the subsequent discussion. For simplicity, we refer to the 270 V bus side as the input and
the 28 V side as the output, but the discussion holds equal if the two are interchanged. The DAB consists
of two full H-Bridges interconnected through a transformer, Figure 2a. The switches in diagonal pairs
of either H-bridge are always turned on and off jointly and, within each bridge, each diagonal pair has
50% duty ratio. Control of output current delivery is achieved by introducing a phase-shift between
the operation of the switches in the two H-bridges; with a series inductance all referred to the primary
side, as in Figure 2a, the transformer secondary side gets directly connected to the output capacitor
and so, the output voltage value is imposed back onto the primary scaled by the transformation ratio;
the algebraic sum of input voltage and primary-reflected output voltage determines the voltage falling
across the series inductor L¢ during the phase-shift interval. Therefore, L can be effectively used as
the current control element and its stored energy helps achieve turn-on soft switching of the power
devices by means of resonance phenomena with the parasitic capacitance of the switches during the
transitions. Both the power value and flow direction can be controlled by intervening on the value of
the phase-shift ® between the driving signals of the input and output H-bridges.

— phase-shifted, @ —

FEE, B3

T e

ni:n, SB SD

cQII

Power (W)

SiC MOSFET Si OptiMOS
SCT2120AFC IPAO32NO6NG

(@) (b)
Figure 2. Main features of Dual-Active-Bridge converter: circuit schematic of the converter topology

based on SiC MOSFETs or the primary and Si MOSFETs for the secondary side (a) and summary of
output power delivery as a function of input voltage and phase-shift (b).

According to the fundamental model and neglecting losses, the power flow can be expressed by:

Ppc = M,q>(1 — 2) 1)
nwsLc b

where Vi, Vo are the values of the input and output DC voltages, 7 is the transformer turns ratio,
ws = 27 f; (fs switching frequency), and @ is the phase-shift (in radians). Equation (1) corresponds to a
parabolic power delivery as a function of the phase-shift, with maximum power capability influenced
by the value of input voltage, as summarized in Figure 2b considering a realistic variable input voltage
range for the intended application.

2.1. Power Cell Design

Here, the intended nominal power rating of the brick power cell is 1.2 kW: more bricks can be
connected in parallel to scale the power up. The primary (270 V) and secondary (28 V) side power
cells are implemented using 650 V SiC MOSFETs (SCT2120AFC, ROHM Ltd., Kyoto, Japan) and 60 V
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Opti-MOS (IPA032N06N3 G, Infineon Technologies, Munich, Germany), respectively. The choice of
SiC devices for the primary (i.e., high voltage) side, as opposed to Si ones, is mainly motivated by the
following reasons and advantages:

m  Possibility to use a MOSFET type transistor as opposed to an IGBT, which allows for faster
switching, removes the need for anti-parallel free-wheeling diode connection, and enables for
more symmetrical operation in the forward and reverse power flow directions;

m  Higher switching frequency capability with contained impact on efficiency, enabling the
achievement of enhanced power density figures;

m  Better temperature stability and higher temperature capability, which yield both more temperature
independent efficiency levels over the intended operational range and favor long term reliability;

m  Smaller overall intrinsic capacitances, which allow to achieve tun-on ZVS operation down to
lower load values.

The gate drivers are bespoke designed, using non-symmetrical drive input voltage voltages for
the SiC transistors on the primary side of —4 to +20 V and —4 to +15 V for the low voltage Si MOSFETs
on the secondary side. Whereas a non-symmetrical drive voltage is a strict functional requirement of
SiC MOSEFETs, the choice to also apply an unsymmetrical driving voltage for the secondary-side Si
transistors merely responds to cost containment targets, by enabling the design and production of a
single gate-drive circuit, which can be adapted for both transistor types simply by replacing two ICs
and one resistor in the circuit, with identical footprint. It should be noted moreover, that applying a
somewhat higher (i.e., closer to zero) off-state bias voltage to the St MOSFETs also allows to achieve
faster switching transitions, with slightly reduced losses. Whereas the impact on overall efficiency is
contained, the electro-thermal stress reduction in the transistor is interesting. For reference, the gate
driver circuit schematic is shown in Figure 3. Insulation at gate-driver level is achieved by means of
opto-couplers and signal transmission between control board and power cell is by means of optical
fibers, ideal for avoiding electro-magnetic interference issues in reliability critical applications.

+5V +21V Vomam
VIN +12v +15V
10uF ad
-av 3
il GND -12V 100 I—
" lhososs ’ 4
B 4.70 '—
5
q ™
s (s
-3 =
ACPL-H342 o
i b
v ACPLP343 g 2
VIN +3V
10uF
L GND oV
= 1F0503§ i

Figure 3. Schematic of gate driver circuit, featuring a unified design for both primary and secondary
side transistors.

The magnetics are the other core components of the converter: the transformer provides galvanic
isolation and voltage matching, the voltage across the series of its leakage inductance and the external
inductor determines the current waveform flowing through the circuit. Since the transformer turns-ratio
is relatively low, planar design of transformer and inductor are feasible and greatly interesting for
increasing power density and improve thermal management; the components, shown in Figure 4,
were custom designed and manufactured externally based on in-house specification. It is worth
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noting that the inductor could be realized as leakage inductance of the transformer, in the form of
integrated magnetics. However, since its value is a key parameter of the converter control and dynamic
characteristics, as well as of the ZVS load range, keeping the two components separate enables easier
design optimization and better transformer thermal management. The switching frequency was
chosen to be 100 kHz to start with and the transformer turns ratio was 19:2. After fixing the switching
frequency and the turn ratio values, the maximum power and ZVS load range depend on the series
inductor and the controllable phase-shift. Hence, an inductance value capable to satisfy the power
constraints needs to been selected.

31 mm

PAYTON
PLANAR

75 mm

L=

115mm

L=

W=65mm

@
Figure 4. Photograph of planar magnetic components: heat-sinked inductor, (a), and transformer, (b).

2.2. Control Design

The goal of the control strategy is to keep the DC bus voltage constant at the desired voltage
reference (28 V) in both forward and backward power flow, adjusting the phase-shift between the
primary and secondary bridge. Starting from the fundamental reduced model of the DAB converter
shown in Figure 5 along with the representative voltage and current waveforms illustrating basic
operation and control of the converter, a state-space-average (SSA) model of the system was developed.

(@) (b)

Figure 5. Dual-active bridge (DAB) basic equivalent state-space average model (a), and characteristic
voltage and current waveforms illustrating the control principle (b).

The open loop dynamic characteristics of the converter are shown in Figure 6, in terms of its
Bode-plot gain and frequency Bode-plots. It is important to underline that the converter DC gain,
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bandwidth and phase-margin are load-dependent, an aspect which needs to be duly taken into account
when closing the loop.

Bode Diagram
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Figure 6. Open-loop Bode-plots of gain and phase for the power converter cell.

The chosen control system block diagram is shown in Figure 7. It consists of DC bus voltage
control loop with a feed-forward current loop. The measured voltage V is compared with the reference
voltage (28 V) and the error is fed through a PI controller to generate the desired phase-shift between
the primary and secondary voltage square-waves. A feed-forward phase-shift compensation is added
to make the system response faster. Based on the analytical model of the converter, the PI parameters
are chosen to obtain the desired bandwidth with a proper phase margin. The phase-shift & depends
non-linearly on load resistance R as:

1- J1- 8”\/{.LRCUVO 1- [1 _ Snj“/Li[L7

= 2 - 2 @

28V By, Dy .
PWM
li MODULATOR

PI CONTROLLER

GATE DRIVER
SIGNAL

BIDIRECTIONAL DAB
CONVERTER

Vo Dee

Figure 7. Converter control scheme with both a feedback and a feed-forward loop.
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Since the switching frequency and the inductance are known, the output current and the input
voltage are acquired by the sensors, it is possible to estimate the proper phase-shift during the working
operations and let the PI controller manage only the small variations. Simulation results for the
closed-loop response with the introduced control are summarized in Figure 8a, while in Figure 8b the
converter step response for different start-up power levels is reported. It is clear that load dependence
of the dynamics characteristics is significantly contained with the chosen approach.
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Figure 8. Dynamic response characterization of the converter (simulation results): closed-loop Bode
plots (a) and system step response at different power levels (b).

The design phase also addressed EMI filtering on the 270 V side, ensuring compliance of standard
avionic requirements (e.g., MIL-STD-704F) with a standard and compact damped LC filter design.

2.3. Experimental Characterisation

Figure 9 shows the engineered TRL6 level DC-DC converter, including control platform and
flight-like enclosure, with details of connectors and wiring. Figure 10a shows some representative
voltage and current waveforms at about 50% load (600 W) and Figure 10b summarizes measured
efficiency data, still at 600 W, as a function of the input voltage in the range 230290 V. Efficiency over
load in the forward and backward power flow direction is reported in Figure 11: as can be seen, in the
design and engineering of the converter, attention was taken to ensure high performance at relatively
low loads; such approach is dictated by the actual mission profile of the converter, which foresees
low-load operation as the most frequent condition, with the requirement to deliver the full power
capability limited only to very short time durations. Therefore, it is very important to consider energy
(as opposed to power) efficiency; that is, the integral over time of the power losses at the various load
conditions to maximize overall aircraft efficiency. Moreover, it should be noted that due to the intended
parallel operation of the converters, more units can be made to work at an optimized efficiency level
even when the full capability of one single converter is not exhausted: for instance, if the total power
demand is 900 W, it is more efficient to run tow cells in parallel than a single cell. The above represent
a novel approach to design efficient power conversion systems, which will become increasingly
important as the electrification level increases. It is also worth noting here, that bi-directional operation
is mainly requested for enabling the possibility to use batteries connected on the lower-voltage side to
be used as power source during some abnormal operational regimes or to implement regenerative
energy storage functionalities. Therefore, the forward power transfer direction is still to be regarded as
the primary one for the characterization for the converter.
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270V

(a) (b) (9

Figure 9. Photographs of developed hardware: single DC-DC converter cell (a); view of cased converter
and control board, with details of wiring, and connectors (b); external view of cased unit (c).
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Figure 10. In (a), transformer primary and secondary voltage waveforms (top) and series inductor
current (bottom); in (b), efficiency and detail of average voltage and current values.
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Figure 11. Measured converter efficiency in the forward and backward power transfer mode.

It should be noted that, although some ringing due to parasitic inductance is visible on the
secondary side voltage waveform, no snubbers were eventually used in the converter implementation
due to the Si MOSFETs being fully avalanche rated by design and not giving signs of any degradation
over extended test periods for the parasitic energies involved in the switching transitions here. Indeed,
the transistors are never driven into avalanche up to full load.

Some examples of closed-loop dynamic response are reported in Figure 12. Tests on the prototype
confirmed the anticipated benefits of the chosen control approach, with consistent performance for both
directions of power flow: the presence of the additional feed-forward loop is profitable and enables the
converter to promptly manage large and rapid changes of power demand without unacceptable rising
or falling of the voltage on the 28 V bus.
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Figure 12. Scope snapshots of output voltage variation in the presence of abrupt and large step
changes in the load (+5 A in (a) and +15 A in (b)), without (top) and with (bottom) feed-forward
loop, respectively.

3. Converter Paralleling for Power Scalability

To ensure a modular system architecture, with all its associated benefits, the parallel operation of
more converters was further considered. The basic straightforward parallel connection of two converter
units directly linked to the load is illustrated with the help of Figure 13. Due to its current source
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dynamic characteristics, paralleling of DAB converters is relatively straightforward and bi-directional
converter (BDC) units are theoretically capable of working together without any additional control [9].
However, as soon as an unbalance arises, there is no way to equally split the power among the two
modules without control. That is clearly shown in the results of Figure 14a,b. Moreover, a potential
drawback is related to the bi-directional nature of the DAB converter: an issue could arise if the balance
is established with one converter that works in regenerative configuration, as per experimental results
of Figure 14c,d. In such a worst-case scenario, the paralleling of two units is not only pointless but
even potentially destructive. For those reasons, a technique is needed for proper interconnections of
BDC units.
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Figure 13. (a) Parallel connection of 2 BDCs; (b) controlled current source equivalent model.
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Figure 14. Parallel connection of BDC units without additional control: balanced, (a), and unbalanced,
(b) conditions in simulation; balanced (c) and unbalanced (d) conditions in experimental tests.

Therefore, in this configuration, the aim of the control was still to regulate the load voltage,
but also to ensure proper sharing of power delivery between the two modules. The corresponding
equivalent control scheme in this case is illustrated in Figure 15. The methodology employed here
consists in decoupling the control loops: one converter, acting as the master unit, ensures control of
the output voltage to a constant value with the modality described in the previous section; the other,
acting as a slave unit, is in charge of power sharing and operates in current control mode. The output
current of each converter is sensed and the information is shared via a dedicated communication bus.
The voltage controller in the salve unit is disabled and the master output current is fed-back as the
set-point of the slave feedback-loop to determine the phase-shift. The feed-forward loop can also be
added with a similar approach for both modules.
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Figure 15. Structure of closed-loop system for parallel operation with current compensator.

Figure 16 shows the results obtained on the lab-prototypes for different power requests, after the
implementation of this method. The tests confirm that the management of the energy is realized in
good agreement with simulations and the output voltage is well regulated. The main advantage
of the proposed solution is the fully controllable load sharing, which can be achieved with great
accuracy in a simple and straightforward manner; the main limitation to its deployment is the need
to exchange information between converters, which can become problematic in the case of multiple
parallel modules if fast dynamic response is required. Loss of the communication-link or failure of the
master unit would result in system shut-down.
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Figure 16. Experimental results under varying loads when using the current sharing parallel method.

Droop control is also a well-known practice used in power systems to share power among
different generators. This concept has been recently proposed for other kinds of applications,
such as speed control for integrated modular motor drives or modular DC/DC converter for smart
transformers [10,11]. In this case, the droop control, illustrated in Figure 15, could be a suitable solution
to enable parallel connection and to allow power sharing among the DABs; moreover, it does not
require any communications between the BDC modules. The concept is to add a virtual resistor (Kjroop)
into the feedback loop, which drops the internal voltage set-point (Vo ) as a linear function of the
output current (I,)

©)

Through this strategy, each converter exhibits a self-balancing characteristic, so it is not necessary
for the single unit to be aware of the other elements in the system. The undesired effect of a steady-state
error on the regulated voltage could be reduced or completely removed by another PI regulator, as also
depicted in Figure 17.

Vo,ref = V;mf - Kdroop'IO
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Figure 17. Block diagram illustration of the voltage-droop control with reference compensation protocol.

The results in Figure 18 show each converter working independently with the proposed voltage
droop method, which intrinsically equalizes the power flow between the two BDC units connected in
parallel to a resistive load. As the ratio of the droop coefficients is directly related to the amount of
current flowing in each module, an asymmetrical power distribution is also possible simply adopting
different virtual resistors for the single units (Figure 18b,c). In the system under analysis, the outer
loop cut-off frequency was around one-third that of the inner loop.
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Figure 18. Parallel operation with droop control: converters working independently (a) and details of
current unbalance between the two in the steady-state (b) and transient (c) regimes.

4. Conclusions

This paper has presented the design and development of a solution for implementing power-scalable
bi-directional DC-DC conversion in future aircraft power networks [12,13]. The solution is based on
the use of a dual-active bridge topology, which can easily be extended to multiple ports versions
when the need to interface additional elements, such as batteries for storage, emerges [6,14]. In
addition, the topology is suitable for the use of novel semiconductor technologies on the high-voltage
side; in particular, silicon carbide (SiC) MOSFETs can yield important gains in switching frequency
capability and converter performance optimization in terms of efficiency and thermal management
requirements [14,15]. In the future, the possibility to develop bespoke modules will enhance the
potential for disruptive progress in the integration level that can be realistically achieved [16].
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Abstract: In this paper, a procedure to simulate an electronic power converter for control design and
optimization purposes is proposed. For the addressed application, the converter uses SiC-MOSFET
technology in bidirectional battery chargers composed of two power stages. The first stage consists of
a single-phase AC/DC power factor correction synchronous rectifier. The following stage is a DC/DC
dual active bridge. The converter has been modulated using a phase-shift technique which is able
to manage bidirectional power flows. The development of a model-based simulation approach is
essential to simplify the different design phases. Moreover, it is also important for the final validation
of the control algorithm. A suitable tool consisting of a system-level simulation environment has
been adopted. The tool is based on a block diagram design method accomplished using the Simulink
toolbox in MATLAB™.

Keywords: automotive; battery charger; circuit modelling; power electronics; SiC MOSFET

1. Introduction

Powertrain electrification of electric vehicles (EVs) and plug-in hybrid vehicles (PHVs) has gained
the attention of governments, media and the public as a possible alternative mode of supplying power
to transport vehicles due to its inherent efficiency advantages, e.g., less CO, emissions, in comparison
with internal combustion engine vehicles [1,2]. EVs are key elements for the worldwide upgrade to
sustainable energy systems. On the one hand, they directly affect the transition to environmentally
friendly transportation. On the other, they are useful for compensating for the effects of dispersed
generation based on renewable energy resources [3]. In more detail, when the power available from
these generators surpasses the local load, it may be necessary to cut the exceeding power to avoid
misoperation conditions, or worse yet, service continuity reductions. This limitation in green energy
utilization can be overcome with EVs, since they involve an increment in the local load. Moreover,
they can be used as energy storage systems which are able to mitigate fluctuations in primary energy
resources and, more generally, are useful when coping with optimal power flow [4].

As a consequence of the diffusion of EVs and PHVs, an increasing number of connections to the
public electrical grid of smart on- and off- board battery chargers has occurred [5]. These components
are of fundamental importance for managing the energy flows between vehicles and the AC grid.
Recently, a new EV operating mode, called Vehicle to Grid (V2G), was proposed [6]. V2G enables
the use of the EVs as distributed large energy storage systems connected to the grid when parked [7].
The reward for providing ancillary services makes V2G economically convenient which, in turn,
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enables a wider diffusion of EVs, leading to environmental benefits [8]. On the other hand, the control
strategy must take battery degradation into account [9].

Several bidirectional battery chargers (BBCs) for V2G have been already treated in the literature
to investigate viable methods to achieve a compact, efficient and inexpensive solution. In [10,11],
two designs of single-phase on-board BBCs were proposed, aiming to show the feasibility of reactive
power support to the utility grid. In particular, [11] deals with the advantage of using wide band-gap
semiconductor devices at high frequencies to reduce the current ripple by implementing both hardware
and control solutions, similar to those adopted in converters for fuel cell power units [12]. In [13],
a simple and functional BBC topology for stationary application was introduced. This topology was
specifically designed to enhance the capabilities of a joint operation with an energy management
system exploiting a storage stage in a residential environment. A literature analysis highlighted the fact
that a key issue is to design and test a suitable control strategy. More specifically, the evaluation of the
modulation, as well as of some features (e.g., current ripple and load step response), requires proper
testing of the control strategy in dynamic conditions on small-time scales. On the other hand,
appropriate long-timescale tests to evaluate the energy management capabilities of BBCs must be also
be performed. In some works [10-14], the development of a feasible converter model was needed to
fulfil the specifications through a proper system design, optimizing the structure of the control strategy
as well as the correct setting of the parameters for the controllers.

As in many physical system designs, the use of advanced computer-aided design (CAD) systems
is important at different project stages [15]. At the beginning, they enable component sizing verification;
subsequently, they are useful for offline control validation with uP-based simulators [16], where they
are very helpful when applying a user-friendly GUI based simulation interface [17]. Other solutions
which are increasingly being adopted in the industry are powerful real-time emulation systems based
on FPGA, that are widely used both in power converters [18] and electrical drives applications [19,20],
and are particularly useful for the study and testing of dangerous situations, such as systems faults [21].

In this framework, a proper design using an advanced simulator model is proposed in this
paper. It enables the evaluation of the feasibility and the performance of the converter using CAD.
This approach makes it possible to validate the operation of the BBC in both V2G and Grid to Vehicle
(G2V) operating modes. The main contribution of this paper is to propose a tool with which to optimize
the BBC design before constructing the converter prototype. Additionally, the model of SiC MOSFET
power devices was integrated to exploit their advantages in BBCs. Indeed, such an approach can useful
for the optimal design of other converters in automotive applications. Finally, a mock-up was realized
and tested, obtaining valuable results. In detail, the converter investigated was a 5-kW, single-phase
BBC with two conversion stages: an active front end (AFE) PWM rectifier and a cascade-connected
dual active bridge (DAB) with high-frequency isolation. Such an architecture was adopted for its
bidirectional power flow, galvanic isolation, high efficiency in a wide operating range and reduced size
and weight. The last features are due to the high switching frequency reached thanks to the use of SiC
MOSFET power devices [22]. Every apparatus connected to the grid has to meet the power quality
standards; therefore, the converter first stage also included power factor correction (PFC) capability.
Figure 1 shows a flowchart of the overall tool.

1
Isolated
Gate Driver
1

PFC MCU |~ DC/DC MCU

1 1

-
-

Isolated
Communication

Outlet control MCU

Figure 1. Overall picture of the evaluation tool.
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2. Modelling the Bidirectional Battery Charger

For the application of a single-phase BBC, the proposed converter consists of two stages exploiting
three H-bridges with modularity in the power board arrangement. Power devices with the same
voltage breakdown should be used since the input and output voltage levels are similar. In this case,
the three H-bridges can be identical, thus simplifying the converter design for the proposed converter
that exploits identical SiC devices. As shown in Figure 2, the first stage is an AFE connected to the grid
through an LCL filter which is useful to ensure both the power quality and the control of the power
exchanged with the grid, while the second stage consists of a DAB converter.

The control strategy of the AC/DC converter is composed of a hierarchic control. On the one hand,
it regulates the bidirectional power exchange with the grid. On the other, it shapes the current in a
sinusoidal waveform. Hence, it consists of an inner loop current control in continuous conduction
mode (CCM). The control is implemented on the dq rotating reference frame and is synchronous
with the grid voltage. There is an outer loop to maintain constant the DC voltage, Vpc, using linear
regulators, i.e., standard industrial proportional-integral (PI) control. As usual, the DAB is modulated
in phase-shift. In this way, the control algorithm sets a suitable phase-shift for application between the
switching signals of the two active bridges while maintaining the duty cycle of every switching pattern
at 50%. Such a strategy makes it possible to achieve zero voltage switching (ZVS) upon turning on all
of the DAB power switches, thereby increasing the converter efficiency. The phase-shift value sets the
energy flow: in G2V mode, the energy flows towards the battery, while in V2G mode, the energy flow
is directed from the battery to the AC grid.

1° Stage AFE 2° Stage DAB

LCL Filter _|T I Ty T é} HE Trafo T2 »J} 1, it
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Figure 2. Converter topology. The first stage is the Active Front-End Rectifier; the second stage is the
Dual Active Bridge.
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2.1. Active Front-End Rectifier

The AFE, or synchronous rectifier, is connected via a filter to the utility grid where it performs
AC/DC conversion and PFC [23,24]. Figure 3 shows the circuit test-bench emulator implementation
using the Simulink Simscape Electrical Toolbox, a typical AFE control strategy based on the voltage
oriented control algorithm. Park transformation is considered to obtain the best performance, e.g., zero
error in steady-state and high control dynamics [25].

Park transformation is used to convert the two-phase stationary frame (x—3*) (1) into the two-phase
rotating frame (d-q) which is synchronous with the grid voltage phase 6 (2). The two-phase voltages
in reference to the dq reference frame are converted in stationary quantities x—f3 using the inverse
matrix of the reference frame transformation [26]:

{ L% + Rig = Vig — Vsa )
dig .

LE + Rl/; = Vt‘[; - Vsﬁ

L;% + Rig - w(t)Lig = Vig = Vg

L5E + Rig + w(t)Lig = Vig = Ve 0]

7 = o)
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Figure 3. AC Stage—Implementation of the Active Rectifier in Simscape electrical Simulink.

The terms iy, i; and p are state variables, while V4, Vi; and w(t) are control variables. In particular,
w represents the control variable referring to the synchronous reference frame.

This model shows the nonlinearities related with the terms w(t)Liy and the sinusoidal components
of the AC system: Vg = Vscos(wot + 60 — p), Vg = Vgsin(wot + 6o — p).

Using this modelling approach, the purpose of the control is the cancellation of the sinusoidal
terms; a phase locked loop “PLL” algorithm is used for this purpose. Applying the AC voltage as the
input, the PLL output is p(t) = wot 4 Op, and Equation (2) turns to Equation (3), which contains only
DC quantities in steady-state.

Lé = a)OLiq. - Rz'd‘ + V- Vs "
Lt = ~woLiz = Riy + Vig
Ps(t) = §[vsd(t)id(t) + Vg (B)ig(1)] w
Qs(8) = 5[~Vaa(1)ig (1) + Vg (1)ia(0)]
Ps(t) = 3 [Vaa(ia(t)] 5

Qs(t) = ~3[Vaa(1)ig(t)]

In V2G applications, the goal is to suitably manage the flow of active and reactive powers,
according to Equation (4). By estimating the phase angle of the AC system through the PLL and
imposing Vs, = 0, it follows that it is possible to rewrite the power relationships given in Equation (4)
according to Equation (5), where the coupling terms have been cancelled.

Since in dq-axis, the component V; is constant, from Equation (5), it is evident that it is possible
to obtain the power control PQ,.r = PQ . through the direct control of the current Idg ref = 1dg feed-

Finally, considering the general model, Equation (6), the command variables are obtained from
the dq current control, Equation (7).

di o
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Simple and robust PI current regulators can be used to track references since the dg-axis signals in
steady-state are constants (Equation (8)). The result is the controlled model given by Equations (9)
and (10), as shown in Figure 4.

Uy = (kp + %)(idﬂf - idfm)

ki\,. . ®)
uq = (kp + ;)(lqref - quced)
Vig = (kp )(ld”f ldfud) a)oLiq + Vi
9
Vig = (kp )( ity = i) + @0Lig + Vg
d ki .
dt 4 4 Riy— wliy = (kp + ;’) x (1, - wLi
dig k (10)
Ld +R1q+mde7(kp+j)x +mqu
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Figure 4. Current control diagram. idqm ‘ current references, egq current errors, vy, compensator terms,
Dy, decoupling terms, Vy, control voltages, 4, modulation index.

2.2. Dual Active Bridge

The DAB is the DC/DC isolated bidirectional converter of the BBC (Figure 5). The DAB topology
was chosen because of its high efficiency in a wide operating range [27]. It features a symmetrical
structure, characterized by two full bridges connected via a high-frequency transformer which also
provides galvanic isolation [28]. In Figure 6, a simplified equivalent circuit of the DAB converter is
shown. The model of the transformer consists of two elements: the leakage inductor and an ideal
transformer that models the voltage ratio. In Figure 7, a simplified circuit where the transformer has
been represented on the secondary side to obtain a simple equivalent circuit is shown. The operating
states of the converter switches are described in Equation (11).

163



Energies 2020, 13, 6733

+V1 I T5, Tg On&T5, T7 Off
v (t) _ 0 II T5,T7 on &T(), Tg fo
DAB1 LI Ts,T7off & Te, Ts on
—Vl v T6,T7 011&T5,Tg fo (11)
+V2 I Tg, T12 on& T10, T11 Off
- (t) _ 0 II Tg, Tu on & TlO/ T12 Uff
DAB2 111 Tg, T11 Off & TlO/ T12 on
—Vz v T10,T]] OVl&Tg,T]z Off

lOut

|+

+
y o V=
C

Figure 5. DC/DC stage Dual Active Bridge.
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Figure 7. DAB equivalent circuit W/O transformer.

The H-Bridge on the left produces a square-wave voltage with a 50% of duty cycle on the primary
side of the transformer. The right-side H-Bridge performs the AC to DC conversion and implements the
current control loop used to shape the current charging profile of the battery. The leakage inductance,
Ly, plays a key role in the performance of the power conversion. Among the various modulation
strategies suggested in the literature, single phase-shift modulation was used to control the power
exchange between the BBC and the main grid.

The phase-shift (¢) is positive when the power flows from the grid to the battery and negative
when the it flows in the opposite direction. The relation between the phase-shift and the delivered

power is given by Equation (12):

nVy Vag(m - )

P=P =P = ,—M<Pp<T 12
DAB1 DAB2 272 Ly ¢ (12)
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where —180° < ¢» < 180°, V; and V; are the input and output voltages of the DAB (Figure 8); n is the
transformer turn ratio; f; is the switching frequency and Ly is the leakage inductance when considering
a lossless DAB model.

P > 0 denotes a power transfer from DAB1 to DAB2 and P < 0 denotes a power transfer from
DABI to DAB2. The power transfer as a function of the phase-shift is depicted in Figure 8. The related
absolute presents two maxima at two different phase-shift angles. The maximum power occurs for
JdP/dp =0 is:

n V1 V2 T
8stlk'¢_i2 (13)

Hence, for a specific active power P, the phase-shift ¢ that must be imposed between the

input-output voltages is:

PIPyax| =

sgn(P) (14)
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Figure 8. Power transfer vs. Phase-shift.
2.3. High-Frequency Transformer

The high-frequency transformer is responsible for the power transfer and permits to obtain the
galvanic isolation [29]. Different core geometries and materials are widespread and the selection of the
most appropriate solution mainly depends on the specific application. It is well known that the use of
high switching frequency reduces the core size for a given power, while using suitable ferrite materials
effectively eliminates eddy currents losses.

The design method is based on the “core geometry method” [30,31].

2.4. Matlab—Simulink Implementation

The model of the BBC and the model of its control were implemented in Matlab-Simulink to
simulate the BBC behavior and to evaluate its performance considering different working conditions.
The converter model included parasitic elements that affect each power conversion stage. The MOSFETs
parameters were considered, as well as the dead-time set in the driving circuit. The closed-loop control
block diagram for the AC/DC PFC converter is shown in Figure 9.

Using the Park’s transformation, the regulation was implemented using the iy and iq current
components to control, respectively, the active and reactive power. This control structure makes it
possible to regulate both the DC voltage value and the PF. During G2V mode, the AFE with the PF
correction works as an AC to DC converter, and charges the battery while maintaining constant the DC
voltage and unitary the PF.
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Figure 9. AFE PFC closed-loop control block diagram.

In V2G mode, the battery is discharged and the bridge acts in inverter mode (DC/AC). The control
strategy consists of maintaining constant the voltage value on the bus-dc and managing the PF to
compensate the amount of reactive power required by the grid. The control loop block diagram for the
DAB is shown in Figure 10.
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Vb'tt PI
— - 5

Tpatt
Figure 10. Phase-shift control loop block diagram.

3. Simulation and Validation of the Model of Bidirectional SiC-Based Battery Chargers

A bipolar PWM was implemented with a switching frequency fs = 100 kHz. The switching
frequency was selected as the best compromise between efficiency and high power density due to the
reduction of the passives composing the AC grid filter and the DC bus link. The modulating signal
was evaluated by the voltage grid angle implementing a grid synchronization algorithm setting a unity
Power Factor (PF) in G2V or a stable grid synchronization in V2G. The gate signals used to control the
SiC MOSFETs were set by the current control loop.

The technical specification of the filter parameters, DC bus link and grid operating conditions
considered in the following analysis are listed in Table 1. The design specifications of the DAB of the
proposed BBC are listed in Table 2.
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Table 1. Technical specification of the AFE parameters.

Parameter Value
RMS voltage grid 230V
Grid frequency f, 50 Hz
L 1.5uH
Filter parameter Cqc 10 uF
Filter parameter L. 325 uH
Cac 400 uF

Switching frequency fs 100 kHz

Table 2. DAB design specifications.

Parameter Value
Nominal input Voltage V. 400V
Nominal output voltage V, 400 V
Minimal output voltage Vi min 150V
Output Power 5kwW
Duty Cycle 0.5
Switching frequency 100 kHz

For this bidirectional converter, the EE core geometry was chosen with N87 material grade.
This choice was related to the high switching frequency (fs = 100 kHz) and high-power density of the
transformer, whose characteristics are listed in Table 3. An increment in the switching frequency enabled
a reduction of passive component size and weight but at the cost of greater switching power losses
that, in turn, involve reduced efficiency. Therefore, the adopted frequency was the best compromise
for such an application.

Table 3. Technical specification of the transformer parameters.

Parameter Value
Nominal Input Voltage 400V
Maximum Input Voltage 480 V
Minimum Input Voltage 360V
Input current 22A
Nominal output voltage 400 V
Output Current 175 A
Regulation « 0.15%
Max operating flux density B,  0.16 T
Maximum temperature rise T, 70 °C

A prototype of the converter was designed and realized using components made by
STMicroelectronics to validate the proposed tool by testing the performance and efficiency of the BBC
designed using the proposed modelling approach. The power devices are SiC MOSFETs SCT50N120
(Table 4).

Table 4. Power device description: SiC MOSFET SCT50N120.

Symbol Parameter Value
Vps Maximum drain-source voltage 1200 V
Id Drain current (continuous) at TC = 25 °C 65 A
Rps (on)  Static drain-source on-resistance at 150 °C 59 mQ
Tj Max Operating junction temperature in HiP247™ 200 °C

A mixed-signal MCUs STM32G474 was used to generate the phase-shift control signal and to
manage the dead-time in each power converter leg exploiting the High-Resolution Timer (HRTIM) with
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184 ps resolution. The digital control signals were conditioned and applied to the power switches using
high-performance gate drivers STGAP2S, a galvanically isolated 4 A single gate drivers. This made it
possible to achieve more compact and robust solutions for the entire experimental system.

The modular prototype and the test-bench are shown in Figures 11 and 12.

Figure 12. Prototype test-bench.

The power required from the AFE acts on the phase-shift; by varying this reference, it is possible
to reverse the power flow. Some simulated and measured waveforms obtained during the G2V mode
are shown below. In Figure 13, the simulated first stage waveforms that are the grid voltage v, and
current i,c with unitary PF, and the ripple of the DC voltage are shown. The total harmonic distortion
for the AC current was close to 7%, which is in accordance with the value measured (less than 10%)
using the prototype.
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The voltage and current on the primary side of the transformer are shown in Figure 14.
The simulated waveforms were in good agreement with the measured ones. The main difference was
the lack of oscillations in the simulated voltage. These oscillations were due to the coupling between the
parasitic capacitance of the devices and the parasitic inductances in the power loop that were neglected
in the model. The current waveform depends on the phase-shift between the two transformer-ends
voltages. The secondary side quantities were pretty similar, as a turn ratio n equal to one was chosen.
The leakage inductance, Ly, affected the power delivered in the DAB converter. Therefore, the voltage
v, waveform was strictly related to the power direction. The DC output waveforms are shown in
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Figure 13. Voltage and current of the AC grid and ripple on the DC side.

Figure 15, where the ripple of the voltage V, and current I, are highlighted.
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Figure 14. Voltage on both sides of the transformer, voltage and current of the inductance. (a) Simulated
waveforms; (b) measured waveforms.
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Figure 15. Ripple on the DC output Voltage and Current.

In V2G mode, the power flows from the battery to the grid to satisfy the power demand. In this case,
the reference power is modified and acts on the phase-shift value as described above. The transition
from G2V to V2G mode at the instant t* requires current inversion, as illustrated in Figure 16. In this
case, the PF has been maintained, meaning that no reactive power was requested by the converter
thanks to the proper control. The main simulation results are summarized in Table 5, while in Figure 17,
the efficiency of the whole converter is shown.

Table 5. V2G operation—Simulation quantities and results.

Parameter Value
RMS grid voltage Vs 230V
RMS grid current I 226 A

Average Bus DC Voltage V4. 403V
Average output voltage V, 397V

Average output current I, 124 A
Input Apparent Power S 5200 VA
Input Active Power Pgc 5200 W
Bus DC Power Py, 5030 W
Output Power P, 4910 W
Power Factor 0.999
Displacement Power Factor 1
Total Harmonic Distortion 7%

AFE efficiency n = Ppc/Pac 96.7%
DAB efficiency n = Po/Ppc 97.6%
Power Efficiency 1, = Po/Pac 94.42%
Conversion Factor 1. = Py/S 94.26%

170



Energies 2020, 13, 6733

400 Vac[V] _t: ige [A] 100
200 A\ AN AN AL

WA AW AW
] VIV TEM A MM A RS,

- L -100
4000. 18 0.22 0.26 0.3 0.34 0.4

Time [s]

Figure 16. AC voltage and current from G2V to V2G mode.
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Figure 17. Efficiency vs. (a) power output and vs. (b) phase shift.

Some other comparisons are reported in Figure 18, confirming the consistency of the proposed
modelling approach.
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Figure 18. DAB: voltage and current waveforms. (a) Simulated (b) Measured.

4. Conclusions

This paper dealt with SiC MOSFET-based BBC with galvanic isolation. A promising topology was
studied as the best choice in terms of efficiency, bidirectional power flow management and complexity.
The development of an accurate tool accounting for the model of the converter in computer simulator
and which was able to exploit FPGA was proposed. It has been shown that this is a suitable approach to
design and test the performance of the complex control algorithm, both in G2V with PFC capability and
V2G operation modes. The control strategy of the AC/DC converter is composed of a cascade control.
Ore is able to regulate the power flow with the grid, while control of the DC/DC stage consists of the
management of the battery charge/discharge. The design and the proposed approach were validated
by comparing the simulation results with some experimental tests, confirming the consistency of the
proposed method.
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Nomenclature
AFE Active Front End
BBC Bidirectional Battery Charger

CCM Continuous Conduction Mode
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DAB
EV

Dual Active Bridge
Electric Vehicle

FPGA Field Programmable Gate Array

GUI

Graphical user interface

HRTIM  High-Resolution Timer

PF
PFC
PHV
PLL
SiC
V2G
ZVS

Cdc
G

Power Factor

Power Factor Correction

Plug-in Hybrid Vehicle

Phase Locked Loop

Silicon Carbide

Vehicle to Grid

Zero Voltage Switching

LCL filter capacitor

capacitor between the AFE and the DAB
output capacitor

Lc, Lg LCL filter inductors

Ly
i, if
ig, ig
iac
irlk
iDIlf
Dout
U1

U2

transformer leakage inductor

two-phase stationary currents

two-phase rotating currents

line current drawn by the converter

current flowing through the transformer leakage inductor
output current

output voltage

DC/DC input voltage

DC/DC output voltage

Vta, Vig two-phase stationary converter voltages
Vtd, Vg two-phase rotating converter voltages
Usa, Usp two-phase stationary AC main voltages

Usd, Usq two-phase rotating AC main voltages
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