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Abstract: The development of powered electronic technology has made many aware of the design
and control of ship power systems (SPSs), and has made medium voltage DC (MVDC) architecture
the main research direction in the future. The negative impedance characteristic of constant power
load (CPL) generated by the coupling of powered electronic converters will seriously affect the
stability of the systems if these converters are not properly controlled. The conventional linear
control method can only guarantee the small-signal stability of the system near its equilibrium
point. When the operating point changes in a large range, linear control methods will be ineffective.
More importantly, research for the large-signal stability of the multi-converter system with CPLs is
still rarely involved. In this paper, a sliding-mode-based duty ratio controller (SMDC) is proposed
for voltage regulation and current sharing of the multiple parallelly-connected DC–DC converters
system loaded by CPLs. By controlling the output voltage of each converter with SMDC, large-signal
stability of the coupled bus voltage is ensured. Meanwhile, proportional current sharing between the
parallel converters is achieved by droop control integrated in the reference value of converter voltage.
Simulation studies were conducted in MATLAB/Simulink, where two typical operating conditions,
including the variation of load power and bus voltage, were designed to verify the effectiveness of
the proposed method. Moreover, a traditional PID controller was used as a comparison to reflect the
superiority of the former. Simulation results showed that the proposed method is able to guarantee
large-signal stability of the system in the presence of large-scale variations in load power and bus
voltage. The output current of the parallel converters can also be distributed in desired proportions
according to the droop coefficient.

Keywords: medium voltage direct current; constant power load; voltage stability; current sharing;
sliding-mode control; multiple parallelly-connected converters; DC–DC converter

1. Introduction

With the maturity of powered semiconductor technology and the development of high-energy
DC equipment [1,2], the medium voltage DC (MVDC) ship power system (SPS) has gradually
become the main development trend of integrated power systems for ships [3,4]. Compared
with the existing AC system, DC architecture has significant advantages in achieving generator
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decoupling, reducing intermediate rectifying links, and improving system operation efficiency [5].
Although control may become simpler because of the decoupling of voltage and phase, DC systems
are not exempt from stability issues, which are inherently related to the need for voltage transformation
through powered electronic converters [6]. There are many connection forms between the powered
electronic converters throughout MVDC SPSs. When a cascading point-of-load converter is tightly
regulated, it will behave as a constant power load (CPL) with negative impedance for the source
converter [6]. In this case, any slight disturbance will form a positive feedback in the loop, and cause
the system to constantly deviate from its original equilibrium point. As most of the loads in SPSs,
including propulsion motors, radars, high-energy DC weapons, etc., are controlled by powered
electronic converters [7], CPLs play an important role in system stability.

Numerous studies have been proposed for stabilizing DC–DC converters loaded by CPLs; most of
the research can be divided into two categories: passive damping methods which based on hardware
compensation, and active damping methods which based on control strategies [8]. Passive damping
methods mitigate system oscillation by adopting appropriate damping elements, such as adding
parallel resistors and LC filters, and increasing storage capacitors [6,9]. Those methods can effectively
suppress system oscillation, but usually cause additional power loss, reduce system efficiency, and may
lack flexibility.

By designing applicable control strategies, active damping methods can stabilize the system in
a more flexible way when dealing with complex operating conditions. According to the characteristics
of analysis and control, these methods can be classified into linear or nonlinear. Linear control methods
are convenient for achieving bus voltage regulation around a system’s equilibrium point. For example,
a classical PID controller can achieve steady output voltage regulation by adding virtual resistance
embedded in the proportional and derivative controller gains [6,10,11]. However, its limitation is
inherent in the use of local linearization; the system can only guarantee small-signal stability.

A SPS needs to meet the requirements of complex working conditions under the premise of
ensuring reliability and stability, which puts higher requirements on system’s modeling and control.
In order to solve the drawbacks above, nonlinear methods are needed to ensure large-signal stability.
The feedback linearization method was used in [12] to stabilize a multiconverter system. With state
feedback and variable substitution, the nonlinear system was transformed into a linear system; then
pole placement was implemented with a PDcontroller to improve system stability. Sliding-mode
control is an important approach for nonlinear control and is famous for its robustness. Zhao et al. [13]
proposed a sliding-mode duty-ratio controller, which was able to stabilize the bus voltage over
the entire operating range. As a systematic controller synthesis method for uncertain systems,
backstepping was adopted in [8,14] to deal with the uncertainty of the load power in CPL systems.
Passivity-based control provides a system global analysis method from the perspective of energy
dissipation. Through energy shaping and damping injection, the stabilization of buck converters with
CPLs was achieved using the passivity-based technique [15].

The control methods discussed above are mainly focused on single input to single output,
when source converters are multiple and parallelly-connected; the problem to be considered is not only
the stability of each individual controller, but also the current sharing between them. As mentioned
above, in [12,16], authors studied the stabilization of a MVDC SPS by model reduction and feedback
linearization. Although the method was proven to be effective, the requirement for model precision
increased the difficulty of its application. Therefore, an offline parameter estimation method was
proposed in [17] to improve the linearization and guarantee voltage stability. Synergetic control was
used in [18] for an m-parallelly-connected buck converters system; the high-order nonlinear system
was reduced by defining macro-variables that incorporate the state variables, and then asymptotic
global stability was ensured by the analytical control law. Current sharing methods could be switched
between master–slave and democratic by a simple change of control law coefficients. Su et al. [19] and
Liu et al. [20] analyzed the stability of DC microgrid with multiple parallelly-connected converters
loaded by CPLs without model reduction; line impedance and difference of source input were
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considered. Nevertheless, the stabilization methods were mainly focused on a small-signal model.
A nonlinear control method considering large-signal stability for a multiple parallelly-connected
DC–DC converters system is still urgently needed.

This paper proposes a sliding-mode-based duty ratio controller for the multiple parallelly-connected
DC–DC converters system with CPLs. By controlling the output voltage of each converter with
a sliding-mode-based duty ratio controller (SMDC), the large-signal stability of the bus voltage is
ensured. Current sharing between the parallel converters was conducted by droop control strategy,
which was integrated in the SMDC coefficient. Differently from the previous research, the large-signal
stability of the multi-converter system with CPLs was considered.

The rest of the paper is organized as follows. In Section 2, modeling of the multi-converter
MVDC SPS and the stability issues induced by CPLs are presented. In Section 3, the sliding-mode
controller design procedures for DC–DC converters are proposed, including a brief introduction of
a conventional sliding-mode controller design; we also describe a SMDC for parallel converters with
CPLs, estimation of the control coefficient, and a proportional current sharing strategy for the parallel
converters. Finally, implementation of the duty ratio controller is described. Simulation studies are
presented in Section 4, for which two types of conditions, including variation of the load power and
reference bus voltage, were designed for verification of the proposed controller. Comparisons between
the proposed SMDC and a traditional PID controller are presented to reflect the value of the former.
Finally, conclusions are presented in Section 5.

2. MVDC SPS Modeling and Instability Induced by CPLs

As the next-generation ship integrated power system for future fleets, the MVDC SPS is expected
to have the characteristics of high power density, high reliability, and high stability. It was based on the
design considerations in [2] and the recommended practice for MVDC SPS from [7]. A specific model
of a zonal MVDC SPS has been presented in [21]. Generators and electrical loads are connected to the
longitudinal MVDC bus via powered electronic converters. Bow and stern cross-hull disconnect
switches are allocated between the port and starboard MVDC bus to provide the capability of
configuring a ring bus, which is able to enhance power system survivability. A SPS with such
an architecture is able to maximize a system’s operational capability under the constraints of limited
size and weight [7].

Taking the voltage stability of the MVDC bus as our research object, the powered electronic
converters can be divided into source side and load side. Meanwhile, it is presumed that bow and stern
disconnect switches are controlled in XOR state to reduce the difficulty of protection. The schematic
diagram of the proposed MVDC SPS is presented in Figure 1.

Consider the rectified generator as a DC voltage source; and the propulsion motors, load
centers, and high-energy equipment that regulates the high bandwidth converters can be viewed
as an instantaneous CPL. Then the problem can be expressed in a more general form, as a set of
multiple parallelly-connected converters loaded by CPLs and resistive loads, as shown in Figure 2.
The dynamics of the system can be described by the capacitor voltage and inductor current of the
parallel converters in a time-average model [22].

Li
diLi

dt
=diVi − vCi

Ci
dvCi

dt
=iLi − ii

(1)

where
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ii =
vCi − vB

ri
(2)

vB

N

∑
i=1

ii = PL +
v2

B
R

(3)

Figure 1. Schematic diagram of the proposed MVDC SPS.

The subscript i in the variables indicates the ith converter, where i = 1, 2, ..., N. iLi , vCi , and ii are
the inductor current, capacitor voltage, and output current of each converter,; di is duty ratio of each
converter and the control variable of the system. vB is the voltage of the MVDC bus, PL is the power
of the integrated CPL, and R is the resistance of the resistive load. Li, Ci, and ri are the inductance,
capacitance, and line resistance of the ith converter.

The objective of the system is to maintain voltage stability of the MVDC bus and ensure proper
current sharing among the source converters in the presence of variation of load power or bus voltage.

For such a complex system, it is difficult to consider the current coupling of the parallel converters
directly. Thus, it is assumed that the output current of each converter ii is proportional to the rated
power of its power supply, which is

wi =
Pi

∑i Pi
(4)

Since the rated power of each generator is determined, the current sharing coefficient wi can be
viewed as a constant.

In order to illustrate the impact of the negative impedance characteristic of the CPL, we start with
small-signal analysis of the system around its equilibrium point. Let i̇Li = 0 and v̇Ci = 0; the system
equilibrium point can be calculated as īLi = ILi = wi(

PL
VB

+ VB
R ), and v̄Ci = VCi = DiVi.

Considering small disturbances in state variables [13]:

di =Di + d̃i

iLi =ILi + ĩLi

ii =Ii + ĩi
vCi =VCi + ṽCi

vB =VB + ṽB

(5)

where Di, ILi , Ii, VCi , and VB are the moving average values; and d̃i, ĩLi , ĩi, ṽCi , and ṽB are the
small disturbances.
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Moreover, to study the dynamics of the bus voltage vB, the parallelly-connected source converters
are considered as a whole with an integrated equivalent capacitor Ceq, where

Ceq
dvB
dt

=
N

∑
i=1

iLi −
N

∑
i=1

ii (6)

Substituting (5) into (1) and (6), the small-signal model of the system becomes
Li

dĩLi

dt
=d̃iVi − ṽCi

Ceq
dṽB
dt

=∑
i

ĩLi +

(
PLṽB

V2
B
− ṽB

R

) (7)

Notice that the second addendum in Equation (7) is derived from the following approximation
due to the fact that VB � ṽB:

∑
i

ILi −∑
i

ii =
(

PL
VB

+
VB
R

)
−
(

PL
VB + ṽB

+
VB + ṽB

R

)
=

(
PLṽB

VB(VB + ṽB)
− ṽB

R

)
=

(
PLṽB

V2
B
− ṽB

R

) (8)

Furthermore, it is presumed that ṽCi is related to ṽB by ∑N
i=1 ṽCi = NṽB; the inductance of each

converter is equal to L; and the input source voltages are equal to V. Then the transfer function of the
system can be obtained from (7) as

Hi(s) =
ṽB(s)
d̃i(s)

=

V
LCeq

s2 + ( 1
RCeq
− PL

V2
B Ceq

)s + N
LCeq

(9)

In order to ensure the stability of the system, the poles of the transfer function need to be kept in
the left half plane. That means that the power of the resistive load V2

B /R needs to be greater than the
constant power load PL, which is impractical in an SPS, since most of the loads are tightly regulated
as CPLs.

Figure 2. A multiple parallelly-connected buck converter system.
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Figure 3 shows the simulation result of the multi-converter system with CPLs and resistive
load. The duty cycle of each converter is controlled in open loop, the desired bus voltage is 1000 V,
and the power of CPL is 25 kW. When the system simulates without resistive load, bus voltage
oscillates with equal amplitude and the system is unstable. When when system simulates with R = 1 Ω,
voltage oscillation quickly reduces and the system is stabilized. As the load impedance increases,
the damping effect of the resistive load decreases, and the time required for stabilization increases
accordingly until V2

B /R < PL.

Figure 3. With or without resistive load when controlled in an open loop.

3. The Proposed Sliding-Mode-Based Duty Ratio Controller for DC–DC Converters

In order to achieve large-signal stability of the system without changing its hardware structure,
a nonlinear control method is needed. As a classic method in nonlinear control, sliding-mode control
is famous for its robustness, and its capability of dealing with uncertainty of parameters in the system
designing process. In sliding-mode control, trajectories are forced to reach a sliding manifold in finite
time and to stay on the manifold for all time thereafter. By using a lower order model, the sliding
manifold is designed to achieve the control objective [23].

3.1. The Conventional Sliding-Mode Controller for the DC–DC Converter

Taking a single input single output buck converter with a constant power load as an example,
a brief introduction of a conventional sliding-mode controller design procedure is presented [24,25].

Consider a special case of single converter for (1), where N = 1 and vC = vB. A sliding-mode
surface σ for this system is designed as

σ = c1ev + c2

∫
evdt + c3 ėv (10)

where ev = Vre f − vC is the tracking error of converter output voltage; c1, c2, c3 are the control
parameters termed sliding coefficients.

To make the system’s state converge to the sliding surface through controller action, a switching
control law is implemented as follows:

u = usw =
1
2
[1 + sgn(σ)] =

{
1, σ > 0

0, σ < 0
(11)

Define a candidate Lyapunov function as V = σ/2; then, V̇ = σσ̇ < 0 must always be satisfied in
order to ensure controller stability and convergence to the sliding surface. Additionally, considering
(1), (10), and (11), the ranges of sliding coefficients c1, c2, c3 can be determined.



Energies 2020, 13, 3888 7 of 18

Finally, the switching control law usw can be directly used as the signal for the switching circuit
(e.g., MOSFET, IGBT). However, the switching frequency of the circuit will be variable, which will
make the controller very sensitive to disturbances and cause great difficulties in circuit design in
practical applications.

3.2. The Proposed SMDC for Parallel Converters with CPLs

In MVDC SPS, the primary objective is the stability of bus voltage. Choose the converter voltage vCi

as the state variable; then let the tracking error be x̃i = Vre f
Ci
− vCi , where Vre f

Ci
is the reference value of

the converter voltage. In order to have the system track vCi ≡ Vre f
Ci

, a sliding surface s = 0 is defined as

si =

(
d
dt

+ λi

)2 (∫ t

0
x̃idt

)
= ˙̃xi + 2λi x̃i + λ2

i

∫ t

0
x̃idt (12)

The Lyapunov function of the system is defined as

V(s) =
N

∑
i=1

1
2

s2
i (13)

Rewrite si as

si = a1i
˙̃xi + a2i x̃i + a3i

∫ t

0
x̃idt (14)

To ensure the stability of the control system, the time derivative of the Lyapunov function must
always be negative when s 6= 0; that is,

V̇(s) =
N

∑
i=1

si ṡi < 0 (15)

The time derivative of si is
ṡi = a1i

¨̃xi + a2i
˙̃xi + a3i x̃i (16)

The first-order and second-order derivative of the tracking error x̃i can be calculated as

˙̃xi =− v̇Ci =
1
Ci

(ii − iLi ) =
1
Ci

(
vCi − vB

ri
− iLi

)
(17)

¨̃xi =
iCi

riC2
i
− v̇B

riCi
− 1

LiCi
(diVi − vCi ) (18)

where

v̇B =
1

Ceq
∑(iLi − ii) =

∑ iCi

Ceq
(19)

Substituting (17)–(19) into the expression of ṡi yields

ṡi =
a1i

Ci

(
iCi

riCi
− ∑ iCi

riCeq
−

diVi − vCi

Li

)
− a2i

iCi

Ci
+ a3i (V

re f
Ci
− vCi ) (20)

The equivalent control d̄i of the duty ratio controller that would achieve ṡi = 0 is thus

d̄i =
1
Vi

[
vCi +

(
Li

riCi
−

a2i

a1i

Li

)
iCi −

Li
riCeq

∑ iCi +
a3i

a1i

LiCi(V
re f
Ci
− vCi )

]
(21)
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Moreover, in order to satisfy the sliding condition despite the uncertainty in system dynamics,
a discontinuous term is added to di as

di = d̄i +
ki
Vi

sgn(si) (22)

where sgn[·] is the sign function, and ki is a positive constant. By choosing an appropriate ki,
the large-signal stability of the system can be ensured, with

V̇(s) =
N

∑
i=1

si ṡi =
N

∑
i=1

s
(

0−
a1i Vi

LiCi

ki
Vi

sgn(si)

)
= −

N

∑
i=1

a1i

LiCi
ki|si| < 0 (23)

3.3. Robustness of the Controller to Parameter Inaccuracy

Note that the equivalent capacitor Ceq in Equation (19) is an estimated value for the entire
parallelly-connected system. In an ideal situation when the line resistance ri is neglected and the
source voltages are identical, Ceq can be calculated by Ceq = ∑ Ci as presented in [12].

In practice, there will be a certain deviation between the actual capacitance value and the
theoretical value due to the influence of circuit parameters. Robustness of the controller to inaccurate
estimation of the parameters is the key to controller design.

Firstly, it is presumed that Ĉeq = ∑ Ci is the estimated value for Ceq; then, the equivalent
control becomes

d̂i =
1
Vi

[
vCi +

(
Li

riCi
−

a2i

a1i

Li

)
iCi −

Li

riĈeq
∑ iCi +

a3i

a1i

LiCi(V
re f
Ci
− vCi )

]
(24)

Substituting (22) and (24) into (20) yields

ṡi =
a1i

riCi

(
1

Ĉeq
− 1

Ceq

)
∑ iCi −

a1i

LiCi
kisgn(si) (25)

To ensure large-signal stability of the system, V̇(s) needs to be negative definite. Thus V̇(si) < 0
should always be satisfied when si 6= 0,

(1) If si > 0, ṡi needs to be smaller than 0, which yields

ki >
Li ∑ iCi

ri

(
Ceq − Ĉeq

CeqĈeq

)
(26)

(2) If si < 0, ṡi needs to be greater than 0, which yields

ki >
Li ∑ iCi

ri

(
Ĉeq − Ceq

CeqĈeq

)
(27)

Since (26) and (27) need to be simultaneously satisfied, ki needs to meet the condition

ki >
Li ∑ iCi

ri

∣∣∣∣∣Ceq − Ĉeq

CeqĈeq

∣∣∣∣∣ (28)

Notice that ∑ iCi = Ceq
dvB
dt . Considering discrete time control, the maximum gradient of the bus

voltage affordable can be presented in

max
{

dvB
dt

}
=

∆Vmax

∆T
(29)



Energies 2020, 13, 3888 9 of 18

where ∆T is the switching cycle of the duty ratio controller, and ∆Vmax is the maximum deviation
allowed in each cycle. Moreover, it is assumed that the actual value of the equivalent capacitance Ceq

is related to the estimation value Ĉeq by Ceq = αĈeq, where α ∈ (0, 2) considering a 100% estimated
deviation. Thus (28) can be transformed into

ki >
Li
ri

∆Vmax

∆T
|α− 1| (30)

Then the range of ki can be determined.

3.4. Proportional Current Sharing between the Parallelly-Connected Converters

Consider the current sharing issues between the parallelly-connected buck converter system in
Figure 2; Equation (2) can be reformulated as

vC1 − i1r1 − vB = 0

vC2 − i2r2 − vB = 0
...

vCN − iNrN − vB = 0

(31)

It can be observed that the current sharing is determined by the converter output voltage vCi ,
cable resistance ri, and bus voltage vB.

As mentioned above, the objective of system voltage regulation is to stabilize the bus voltage at
a reference value, and line resistance is usually a fixed value. Therefore, the current sharing could be
achieved by adjusting the reference value of vCi on the basis of bus voltage regulation, which is

Vre f
Ci

= Vre f
B + iiri = Vre f

B + wiri Iload (32)

where Iload ≡ ∑N
i=1 ii, and ii = wi Iload. So far, a simplified load sharing can be realized by the open

loop method in Equation (32), but its performance heavily depends on the value of the line resistance.
Specifically, the larger the line impedance, the greater the difference between converter output voltage
and bus voltage. The ratio of steady-state voltage ripple to this difference is comparatively smaller,
and thus the output current is more stable. However, the reality is just the opposite: line impedance is
usually small; thus, open-loop current sharing often makes it difficult to achieve the desired effect.

Therefore, a closed-loop proportional current sharing scheme is achieved by

Vre f
Ci

= Vre f
B + wiri Iload −

(
Kpei + Ki

∫ t

0
eidt + Kd

dei
dt

)
ri (33)

where ei = ii − wi Iload. The error between the converter output current and the expected value is fed
back to the original output through a PID link, so that the output current is more smooth and stable.

3.5. Parameter Selection and Implementation of the Duty Ratio Controller

The control block diagram of each duty ratio controller is presented in Figure 4. In order to
ensure the stability and convergence speed of the system, the parameters of the controller need to be
properly designed.

Except for the control parameters a1i , a2i , and a3i , other parameters, such as the current sharing
coefficient wi and the control coefficient ki of the switching function, have already been determined.

Notice that a1i , a2i and a3i affect the dynamics of the sliding-mode surface and the reaching time
of the controller. Meanwhile, (12) and (14) conform to the standard form of second-order linear system
equation under critical damping state, ẍ + 2ωn ẋ + ωn

2x = 0, with a2i /a1i = 2ωn and a3i /a1i = ωn
2.
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Define ωn = 2π fbw, where fbw is the bandwidth and is commonly selected as 1/10 of the sampling
frequency [13].

Then, the output of the proposed SMDC can be expressed as

di =
1
Vi

[
vCi +

(
Li

riCi
−

a2i

a1i

Li

)
iCi −

Li

riĈeq
∑ iCi +

a3i

a1i

LiCi(V
re f
Ci
− vCi )

]
+

ki
Vi

sgn(si) (34)

Figure 4. Block diagram of the duty ratio controller.

After the process of saturation and PWM generation, finally we can get the control signal required
by the converter gate.

In practice, the difficulty of obtaining state variables should be considered. Measurement of
the output voltage vCi of each converter and the bus voltage vB is necessary. Measuring capacitor
current iCi and its summation could be complicated. In the application process, we can obtain iCi by
differentiating vCi .

4. Simulation

Simulation studies were performed to verify the effectiveness of the proposed algorithm.
The experimental system was built in MATLAB/Simulink with the Simscape Electrical library.

As shown in Figure 5, the system consisted of four distributed sources and one integrated load;
the source converters were parallelly connected via MVDC bus, and the integrated CPL is depicted by
a constant current source. As resistive loads have the effect of suppressing voltage oscillation, pure CPL
was considered here for higher requirements on controller design. Moreover, circuit parameters of the
simulation system are presented in Table 1.

For the MVDC SPS, the control objective was to maintain voltage stability of the MVDC bus and
balance load sharing of the source converters by designing an appropriate duty ratio controller which
is adaptable for various operating conditions.

Two types of operating conditions, i.e., variation of load power demand and variation of reference
bus voltage, were considered to verify the effectiveness of the proposed controller, as shown in Figure 6.

The parameters of the PID controller for current feedback in Equation (33) were designed as
Kp = 5, Ki = 10, and Kd = 0.01.

The coefficient ki of the switching function in Equation (34) can be determined by Equation (30) if
we define the affordable voltage deviation in each cycle to be ∆Vmax = 1V, and then k1 = 200, k2 = 190,
k3 = 180, k4 = 170.
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Considering that the ratio of the rated power of each generator was 4:3:2:1, the current sharing
coefficients of the parallel converters were designed as 0.4, 0.3, 0.2, and 0.1 for converters 1–4.

With fbw = 1000 Hz, we can get a2i /a1i = 1.256× 104, and a3i /a1i = 3.944× 107. Thus the
remaining control parameters can be calculated.

Furthermore, a traditional PID controller is introduced as a comparison; the controller is defined as

DPID = KPεi + KI

∫
εi + KD

dεi
dt

(35)

where εi =
(

Vre f
B + wiri Iload

)
− vCi , and KP = 5, KI = 10, KD = 0.01.

Figure 5. Circuit block diagram of the simulation system.

Table 1. Circuit parameters of the simulation system.

Symbol Physical Meanings Parameter Settings

f sampling frequency 10 kHz
Li Inductance of the ith converter (i = 1, 2, 3, 4) 2/1.9/1.8/1.7 mH
Ci Capacitance of the ith converter (i = 1, 2, 3, 4) 4.8/4.7/4.6/4.5 mF
ri Line resistance of the ith converter (i = 1, 2, 3, 4) 0.01 Ω
Vi Input voltage of the ith converter (i = 1, 2, 3, 4) 1500 V

Vre f Reference value of vB 1000 V
PLoad Rated power of the CPL 1 MW
ILoad Rated current of the CPL 1 KA
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(a)

Figure 6. Cont.

(b)

Figure 6. Two types of operating conditions. (a) Step changes in the load power demand. (b) Variation
of the reference value of the bus voltage.

4.1. Load Power Variation

In the first case, the load power of CPL made large-scale variations during the simulation time.
As shown in Figure 6a, the CPL was initially 1 MW, and then instantaneously changed to 2 MW at
0.25 s, 4 MW at 0.5 s, and finally, 6 MW at 0.75 s.

Figure 7 shows the voltage response and load sharing conditions of the multi-converter system
under control of the proposed SMDC controller during step changes in CPL. As shown in Figure 7a,
when load power changes significantly, the bus voltage will generate an instantaneous voltage drop
and quickly return to the given reference value under the action of the SMDC controller. The transient
recovery time is within 0.01 s and the steady state voltage ripple is 2 V (0.2%), which is far less than
the specified value 2 s and 5% in the IEEE standard for MVDC SPS [7,26]. Figure 7b shows the output
voltage response of each parallelly-connected converter. As the load current increases, the output
voltage difference of each converter increases accordingly due to the use of droop control strategy.
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Figure 7c,d shows the output current and output power of each converter, It can be seen that the
distribution of output current and power of each source converter always maintains a ratio of 4:3:2:1,
except for several transient processes.

As a comparison, Figure 8 shows the voltage response and load sharing under the control of
the PID controller during step changes in CPL. As we can see in Figure 8a, the bus voltage is well
controlled at initial state. Although the control accuracy is not perfect, it also meets the requirements
of the IEEE std. While when the load power changes to 2 MW, the bus voltage starts to oscillate at
a 2% level. When the load power continues to increase, the voltage oscillation increases accordingly,
and finally, the voltage collapses.

Figure 8c shows the current sharing between each converter. Although the distribution roughly
maintains the ratio of 4:3:2:1 at initial state, the current sharing process is not stable due to the
insufficient accuracy of the voltage control and the absence of current feedback. Similarly, in Figure 8d,
when bus voltage becomes unstable, the power sharing cannot be balanced either. Eventually, the whole
system becomes unstable.

(a) (b)

(c) (d)

Figure 7. Voltage response and load sharing conditions under SMDC control during step changes
in constant load power (CPL). (a) Main bus voltage. (b) Output voltage of each converter. (c) Output
current of each converter. (d) Output power of each converter.
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(a) (b)

Figure 8. Cont.

(c) (d)

Figure 8. Voltage response and load sharing conditions under PID control during step changes in CPL.
(a) Main bus voltage. (b) Output voltage of each converter. (c) Output current of each converter.
(d) Output power of each converter.

4.2. Reference Voltage Variation

In the second case, the reference value of the MVDC bus changes from 1000 V to 800 V at 0.5 s,
as shown in Figure 6b.

Figure 9 shows the voltage response and load sharing conditions under SMDC control during step
changes in reference bus voltage. From the simulation we can see that the voltage is well controlled at
all times. A more specific view is presented in Figure 9a: the transient recovery time is within 0.005 s
and the steady-state voltage ripple is within ±2 V.

Figure 9c,d shows the current sharing and power sharing conditions of the parallel converters.
It can be seen that except for the transient process from 0.500–0.505 s, the output current and output
power of each converter is always balanced at a ratio of 4:3:2:1, and the load power of the integrated
CPL is maintained at 1 MW.
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(a) (b)

Figure 9. Cont.

(c) (d)

Figure 9. Voltage response and load sharing conditions under SMDC control during step changes in
reference bus voltage. (a) Main bus voltage. (b) Output voltage of each converter. (c) Output current of
each converter. (d) Output power of each converter.

Likewise, the results of the PID controller are shown in Figure 10.
As shown in Figure 10a, the bus voltage can remain stable most of the time, but the transient

recovery time is more than 0.1s, which is longer than that of the SMDC, and the steady-state voltage
ripple is bigger. Furthermore, by comparing Figures 9c and 10c, we can see that the load balancing
effect obtained by the SMDC is better than that of PID.

By comparing SMDC and PID under these two typical operating conditions, we can see the
limitation of the linear controller, that is, it can only keep small-signal stability near its equilibrium
point. By contrast, the proposed SMDC is able to stabilize the multiple parallelly-connected converter
system in the presence of large-scale variations of load power or bus voltage, and realize stable and
smooth current sharing in desired proportion.
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(a) (b)

Figure 10. Cont.

(c) (d)

Figure 10. Voltage response and load sharing conditions under PID control during step changes in
reference bus voltage. (a) Main bus voltage. (b) Output voltage of each converter. (c) Output current of
each converter. (d) Output power of each converter.

5. Conclusions

In this paper, a multiple parallelly-connected DC–DC converters system loaded by CPLs was
analyzed; the problems of voltage stabilization and current sharing were considered. Due to the
inherent negative impedance characteristics of CPL and its nonlinearity exhibited when cascaded with
the source converter, a nonlinear control method is needed to ensure large-signal stability of the system.
Therefore, a sliding-mode-based duty ratio controller was proposed to control converter voltage, by
which large-signal stability of bus voltage is ensured. The droop control method with load current
feedback is integrated in the reference value of converter output voltage for proportional current
sharing. Two types of conditions, including load power variation and reference bus voltage variation,
were considered in simulation studies to verify the effectiveness of the proposed SMDC. A traditional
PID controller was used as a comparison to reflect the advantage of the SMDC. The simulation
results show that the SMDC has better performance in face of large-scale load power variation and
reference bus voltage variation, while the PID controller can only stabilize the system around the initial
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equilibrium point. Meanwhile, we can get a better current sharing effect with the SMDC; the output
current of the parallel converters can be well distributed in the desired proportions due to accurate
voltage control and droop control with current feedback.

Author Contributions: Conceptualization, W.D. and G.Y.; methodology, W.D.; software, W.D.; validation,
W.D., G.Y., and C.P.; formal analysis, W.D.; investigation, Y.C.; resources, G.Y. and C.P.; data curation, W.D.;
writing—original draft preparation, W.D.; writing—review and editing, G.Y. and C.P.; visualization, W.D.;
supervision, G.Y.; project administration, G.Y.; funding acquisition, G.Y. and P.X. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was supported by the China national R&D Key Research Program under grant
2017YFA60700602, the Ministry of Industry and Information Technology of China under Project “Industrial
Internet Platform Test Bed For Optimizing the Operation of Motor and Driving Equipment” (2018-06-46), and the
Shanghai Science and Technology Commission Project 18DZ1203502.

Acknowledgments: We thank the reviewers for the comments and the editor for the modifications which have
improved the quality of the paper. And we kindly appreciate the support from the Key Laboratory of System
Control and Information Processing, Department of Automation, Shanghai Jiao Tong University.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

MVDC Medium voltage direct current
SPS Shipboard power system
CPL Constant power load
SMDC Sliding-mode-based duty-ratio controller

References

1. Doerry, N.; Amy, J. MVDC Shipboard Power System Considerations for Electromagnetic Railguns.
In Proceedings of the 6th Dod Electromagnetic Railgun Workshop, Laurel, MD, USA, 15–16 September 2015.

2. Doerry, N.; Amy, J.V. Design Considerations for a Reference MVDC Power System. In Proceedings of the
Sname Maritime Convention, Bellevue, WA, USA, 1–5 November 2016.

3. Amy, J.V.; Doerry, N.H. MVDC grounding and common mode current control. In Proceedings of the IEEE
Electric Ship Technologies Symposium (ESTS), Washington, DC, USA, 15–17 August 2017; pp. 64–70.

4. Li, H.; Boroyevich, D. Guest Editorial Special Issue on Emerging Electric Ship MVDC Power Technology.
IEEE J. Emerg. Sel. Top. Power Electron. 2017, 5, 1–4. [CrossRef]

5. Agamy, M.S.; Dong, D.; Garcés, L.J.; Zhang, Y.; Dame, M.E.; Wu, X.; Yan, P. A High Power Medium Voltage
Resonant Dual Active Bridge for MVDC Ship Power Networks. IEEE J. Emerg. Sel. Top. Power Electron. 2017,
5, 88–99. [CrossRef]

6. Kwasinski, A.; Onwuchekwa, C.N. Dynamic Behavior and Stabilization of DC Microgrids With Instantaneous
Constant-Power Loads. IEEE Trans. Power Electron. 2011, 26, 822–834. [CrossRef]

7. IEEE Std 1709TM-2010. IEEE Recommended Practice for 1 kV to 35 kV Medium-Voltage DC Power Systems
on Ships; IEEE: Piscataway, NJ, USA, 2010; pp. 1–54.

8. Xu, Q.; Zhang, C.; Wen, C.; Wang, P. A Novel Composite Nonlinear Controller for Stabilization of Constant
Power Load in DC Microgrid. IEEE Trans. Smart Grid 2019, 10, 752–761. [CrossRef]

9. Cespedes, M.; Xing, L.; Sun, J. Constant-power load system stabilization by passive damping. IEEE Trans.
Power Electron. 2011, 26, 1832–1836. [CrossRef]

10. Rivetta, C.H.; Emadi, A.; Williamson, G.A.; Jayabalan, R.; Fahimi, B. Analysis and control of a buck
DC-DC converter operating with constant power load in sea and undersea vehicles. IEEE Trans. Ind. Appl.
2006, 42, 559–572. [CrossRef]

11. Emadi, A.; Khaligh, A.; Rivetta, C.H.; Williamson, G.A. Constant power loads and negative impedance
instability in automotive systems: Definition, modeling, stability, and control of power electronic converters
and motor drives. IEEE Trans. Veh. Technol. 2006, 55, 1112–1125. [CrossRef]

http://dx.doi.org/10.1109/JESTPE.2017.2653679
http://dx.doi.org/10.1109/JESTPE.2016.2636365
http://dx.doi.org/10.1109/TPEL.2010.2091285
http://dx.doi.org/10.1109/TSG.2017.2751755
http://dx.doi.org/10.1109/TPEL.2011.2151880
http://dx.doi.org/10.1109/TIA.2005.863903
http://dx.doi.org/10.1109/TVT.2006.877483


Energies 2020, 13, 3888 18 of 18

12. Sulligoi, G.; Bosich, D.; Giadrossi, G.; Zhu, L.; Cupelli, M.; Monti, A. Multiconverter Medium Voltage DC
Power Systems on Ships: Constant-Power Loads Instability Solution Using Linearization via State Feedback
Control. IEEE Trans. Smart Grid 2014, 5, 2543–2552. [CrossRef]

13. Zhao, Y.; Qiao, W.; Ha, D. A Sliding-Mode Duty-Ratio Controller for DC/DC Buck Converters with Constant
Power Loads. IEEE Trans. Ind. Appl. 2014, 50, 1448–1458. [CrossRef]

14. Cupelli, M.; Mirz, M.; Monti, A. Application of backstepping to MVDC ship power systems with constant
power loads. In Proceedings of the International Conference on Electrical Systems for Aircraft, Railway,
Ship Propulsion and Road Vehicles (ESARS), Aachen, Germany, 3–5 March 2015; pp. 1–6.

15. Kwasinski, A.; Krein, P.T. Passivity-based control of buck converters with constant-power loads.
In Proceedings of the IEEE Power Electronics Specialists Conference, Orlando, FL, USA, 12–21 June 2007;
pp. 259–265.

16. Sulligoi, G.; Bosich, D.; Zhu, L.; Cupelli, M.; Monti, A. Linearizing control of shipboard multi-machine
MVDC power systems feeding constant power loads. In Proceedings of the IEEE Energy Conversion
Congress and Exposition (ECCE), Raleigh, NC, USA, 15–20 September 2012; pp. 691–697.

17. Bosich, D.; Sulligoi, G.; Mocanu, E.; Gibescu, M. Medium Voltage DC Power Systems on Ships: An Offline
Parameter Estimation for Tuning the Controllers’ Linearizing Function. IEEE Trans. Energy Convers.
2017, 32, 748–758. [CrossRef]

18. Kondratiev, I.; Santi, E.; Dougal, R.; Veselov, G. Synergetic control for DC-DC buck converters with constant
power load. In Proceedings of the IEEE 35th Annual Power Electronics Specialists Conference (IEEE Cat.
No. 04CH37551), Aachen, Germany, 20–25 June 2004; Volume 5, pp. 3758–3764.

19. Su, M.; Liu, Z.; Sun, Y.; Han, H.; Hou, X. Stability Analysis and Stabilization Methods of DC Microgrid With
Multiple Parallel-Connected DC-DC Converters Loaded by CPLs. IEEE Trans. Smart Grid 2018, 9, 132–142.
[CrossRef]

20. Liu, Z.; Su, M.; Sun, Y.; Han, H.; Hou, X.; Guerrero, J.M. Stability analysis of DC microgrids with constant
power load under distributed control methods. Automatica 2018, 90, 62–72. [CrossRef]

21. Du, W.; Yang, G.; Pan, C.; Xi, P. A Heterogeneous Multi-Agent System Model With Navigational Feedback
for Load Demand Management of a Zonal Medium Voltage DC Shipboard Power System. IEEE Access 2019,
7, 148073–148083. [CrossRef]

22. Davoudi, A.; Jatskevich, J.; Rybel, T.D. Numerical state-space average-value modeling of PWM DC-DC
converters operating in DCM and CCM. IEEE Trans. Power Electron. 2006, 21, 1003–1012. [CrossRef]

23. Khalil, H.K.; Grizzle, J.W. Nonlinear Systems; Prentice Hall: Upper Saddle River, NJ, USA, 2002; Volume 3.
24. Zhang, L.; Qiu, S. Analysis and Experimental Study of Proportional-Integral Sliding Mode Control for

DC/DC Converter. J. Electron. Sci. Technol. China 2005, 3, 140–143.
25. Lee, S.; Jeung, Y.C.; Lee, D.C. Voltage Balancing Control of IPOS Modular Dual Active Bridge DC/DC

Converters Based on Hierarchical Sliding Mode Control. IEEE Access 2019, 7, 9989–9997. [CrossRef]
26. IEEE Std 1662TM-2016. IEEE Recommended Practice for the Design and Application of Power Electronics in

Electrical Power Systems; IEEE: Piscataway, NJ, USA, 2016; pp. 1–68.

c© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1109/TSG.2014.2305904
http://dx.doi.org/10.1109/TIA.2013.2273751
http://dx.doi.org/10.1109/TEC.2017.2676618
http://dx.doi.org/10.1109/TSG.2016.2546551
http://dx.doi.org/10.1016/j.automatica.2017.12.051
http://dx.doi.org/10.1109/ACCESS.2019.2946644
http://dx.doi.org/10.1109/TPEL.2006.876848
http://dx.doi.org/10.1109/ACCESS.2018.2889345
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	MVDC SPS Modeling and Instability Induced by CPLs
	The Proposed Sliding-Mode-Based Duty Ratio Controller for DC–DC Converters
	The Conventional Sliding-Mode Controller for the DC–DC Converter
	The Proposed SMDC for Parallel Converters with CPLs
	Robustness of the Controller to Parameter Inaccuracy
	Proportional Current Sharing between the Parallelly-Connected Converters
	Parameter Selection and Implementation of the Duty Ratio Controller

	Simulation
	Load Power Variation
	Reference Voltage Variation

	Conclusions
	References

