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Abstract: This paper presents a controller for a direct current (DC) grid-connected single-
stage solar photovoltaic (PV) converter. The proposed controller provides both static and
dynamic voltage support to the grid voltage. Unlike the common practice, it allows a small
and controlled offset in the PV voltage in proportion to the power flowing through the
converter, which enhances the system’s stability margins. A novel feedback branch from
the grid voltage is introduced to enable grid voltage support. Additionally, the controller
includes a current-limiting feature to protect the converter switches from overcurrent tran-
sients. The proposed approach combines and designs the voltage and current controllers
using an optimal full-state feedback approach. This results in a systematic design with opti-
mal and robust properties. Detailed simulations, comparisons, and experimental results are
presented in this paper to verify the effectiveness of the proposed approach. Particularly, the
experimental findings demonstrate improved stability during local load disturbances and
grid fluctuations, with lower voltage drops, reduced grid current variations, lower stress
on the grid, and reduced losses in the grid network compared to conventional controllers.

Keywords: PV converter; inertia; DC grid voltage support; current limiting; optimal control

1. Introduction

Recently, due to the increasing adoption of distributed energy resources (DERs) in-
cluding battery energy storage (BES) systems, renewable energy sources (RESs) especially
the solar photovoltaic (PV) systems, and DC loads (e.g., light-emitting diode (LED) light-
ing, computation devices, electric vehicles, and DC motor drive systems), DC microgrids
(DC-MGs) are gaining increasing attention [1]. DC-MGs have advantages such as higher
transmission efficiency, lower costs, no need for reactive power control, and for frequency or
phase synchronization [2,3].

DC/DC (or DC) converters are used as interface devices in DC grids [4,5]. For a DC
grid with many converter-based DERs, it is crucial for each converter to provide “support”
to its terminal voltage, enabling the DC grid to operate in a robust and stable manner,
similar to the existing alternating current (AC) power grid. In the AC power grid, the high
penetration of power-electronic-based DER and RES units has raised critical concerns about
the reduced kinetic inertia of the grid [6]. In synchronous generators (SGs), the kinetic
energy of the rotor naturally responds to the disturbances. Additionally, the governor
system implements a droop function that adjusts power based on frequency deviations.
These two support components are referred to as “dynamic” (or inertia) and “static” (or
droop) supports.

To address this issue in AC systems and improve power system stability with a large
number of inverter-based resources (IBRs), an effective method is to adopt virtual inertia
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strategies. The virtual synchronous machine (VSM) concept has been proposed in various
forms to emulate the behaviors of SGs [7-9]. A similar concept was proposed in [10,11] for DC
and hybrid DC/AC systems. In [12], a virtual inertia approach is introduced that adjusts the
droop gain based on the state-of-charge (SOC) of the BES. In [13-15], a capacitor emulation
approach is presented, which provides dynamic support during system disturbances. A
controller with a virtual capacitor and a virtual inductor is introduced in [16] to provide virtual
inertia and improve the dynamic characteristics of DC-MGs. The control systems in [12-16]
use nested proportional-integral (PI) voltage and current controllers, whose performance can
degrade due to interactions between the loops, especially in weak grid conditions [17].

To generate an inertia response for BES systems, a capacitor emulation method is
introduced in [18], where the integrating function is removed from the outer voltage
control (VC) loop. This method is more flexible and systematic than the previous research
studies because it merges the VC and current control (CC) loops, with all controller gains
designed together using optimal control. In [19], a droop control is used to adjust the
output current reference of a BES and provide an inertia response to the grid voltage. A
distributed virtual inertia control is introduced in [20], which uses the derivative of the
square of the DC-bus voltage to calculate the inertia power. Dividing this power by the bus
voltage yields a current reference. In [21], an adaptive droop term of the grid voltage is
added to the current reference to provide dynamic support. However, the control schemes
presented in [16,19-21] are all applied only to BES, and do not address PV voltage control.
Additionally, they all use conventional PI controllers in their CC loops.

In [22], the rate of change in voltage (ROCOV) is calculated using a high-pass filter
to add an inertia term to the reference of PV power. This reference is then divided by
the PV voltage to find the reference for PV current. However, the effect of the size of
the DC-link capacitor is not discussed. For this method to work properly, the capacitor
would need to be small, which may not be feasible given other control objectives. In [23], a
two-stage PV inverter is proposed, where the first-stage DC/DC converter provides static
grid support. Dynamic support is provided by the DC-link capacitor, which adjusts the
slope of the PV power curve in the droop function of grid frequency. In [24], a single-stage
PV inverter with grid support is introduced, using grid frequency droop to adjust power in
a virtual synchronous machine (VSM) mechanism. Both static and dynamic grid support
are provided by the combination of the PV system and the capacitor. However, the methods
in [23,24] are not directly applicable to DC grid applications.

This literature review reveals that there is still a lack of adequate control systems
for PV converters that provide DC grid support. With the increasing penetration of PV
sources and the proliferation of DC grids, it is essential to establish a balance between
maximum power point tracking (MPPT) and grid support and stability aspects for DC
grid applications. Accordingly, in this paper, an enhanced control approach is proposed to
provide both static and dynamic support for DC grid-connected single-stage PV converters.
First, the proposed controller leverages the approaches of [17,18] to allow a small and
controlled voltage offset in the PV-side capacitor. This will immediately introduce more
robustness to the control system, as shown in [17]. Next, the proposed controller uses an
additional feedback branch from the grid voltage in its VC loop. This term causes the PV
voltage to instantaneously mimic a fraction of the grid voltage fluctuations. It is shown in
this paper that this added feedback gives the converter the ability to provide both static
and dynamic grid voltage support. The combination of these elements enables the system
to maintain grid stability under varying conditions.

Key contributions of this paper include the following:

¢  Static and Dynamic Grid Support: The controller offers both static and dynamic
voltage support, improving overall grid stability in grid-connected PV systems.
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¢  Controlled Voltage Offset: A small, controlled voltage offset in the PV-side capacitor
enhances system robustness and improves stability margins, as shown in [17].

*  Grid Voltage Feedback: A novel feedback loop from the grid voltage is introduced
in the VC loop, allowing the PV converter to adapt instantaneously to grid voltage
fluctuations and provide dynamic grid support.

*  Optimal Control Design: The controller is designed using the linear quadratic tracker
(LQT) method, ensuring optimal and robust control gains.

¢ Current-Limiting Protection: The controller integrates a current-limiting strategy to
protect the converter from overcurrent transients and safeguard system components.

¢ Adaptability for PV Systems: While inspired by [17,18], the controller is specifically
adapted for PV applications, offering direct grid support tailored to the dynamics of
PV converters.

Detailed analytical, simulation, and laboratory experimental results are provided to
demonstrate the effectiveness of the proposed controller.

2. Study System and Problem Statement

Figure 1 shows the power circuit (plant) of the study system. The numerical values are
given in Table 1. A set of PV panels is connected to a DC grid through a power electronic
converter (PEC). The PEC is a standard full-bridge voltage-source converter (VSC) with
the source-side (or PV-side) capacitor (C), and the output-side (or grid-side) filter (Ly).
The grid is modeled by a voltage source (vs) behind an impedance (Rs and Ls), which
is a common way of modeling a practical grid based on Thevinin’s theorem of circuit
theory. The larger values of these impedances indicate weaker grid terminals. The grid
side terminal voltage, i.e., at the point of common coupling (PCC), is denoted by vg. The
small resistor Rf models the on-state resistance of the converter switches and the parasitic
resistance of the output inductor (L¢). The capacitor voltage and its reference value are
denoted by v, and V, respectively.

Ppv
solar PV >

(e ey

Figure 1. Power circuit of the study system.

Table 1. Nominal values of study system parameters.

Parameter Symbol Value Unit
PV-side Voltage Ve 600 A\
PCC Voltage Ve 400 \%
Grid Resistance (Weak Grid) Rs 6 Q
Grid Inductance (Weak Grid) Lg 5 mH
Grid Resistance (Strong Grid) Rs 0 Q
Grid Inductance (Strong Grid) Lg 0 mH
Filter Inductance L 5 mH
Parasitic Resistance R¢ 50 mQ)
Switching Frequency fow 10 kHz
Power Rating Bated 4 kW
Current Limits Imax,min +15 A
Local Load Pload 44 kW

PV-side Capacitor Size C 417 mF




Electronics 2025, 14, 1396

4 0f 20

Problem Statement: (1) Control the PV-side voltage. (2) Limit the converter output
current against short-circuit transients. (3) Provide static and dynamic support to the
grid voltage.

Mathematical Model: This system is modeled by power balance and voltage equations

ppv*Pout:CUcﬁc:wo U*Ug:Lf%i(t)+Rfi(t) 1)

where pout =10g is the power injected to the grid assuming that the converter losses and
interfacing filter instantaneous power are neglected, and . is the derivative of the capacitor
energy. Using the Taylor series, the relationship between the capacitor energy w. = 3Cov?

and its voltage can be approximated as v, = Z"CCJ{Z‘/C , where capital letters indicate the rated

values and lowercase variables represent the instantaneous values. These lead to the block
diagram model shown in Figure 2. In this model, m(t) is the converter modulation signal.
In this diagram, the PV panels are modeled as a power source ppy = f (v, I, T), where
I is the solar irradiance and T is the temperature. The function f is the power-voltage
characteristics of the PV panels, which is a nonlinear function. Explicitly engaging this
function in modeling and analysis complicates the process. Therefore, in this study, the PV
power pypy is treated as a disturbance to the control system. A robustly designed control
system will be able to tolerate its variations, as shown in this paper.

¢I,T
f(v,1,T)

Ug Ppv WC*
m(t) u 1 i‘ v Pout — Wc 1 Uc
RS Ts+R [ " '8 / cv. [1°

Figure 2. Block diagram representation (model) of the study system plant (excluding the controller).

A

3. Proposed Controller: Structure and Design
3.1. Structure

The basic structure of proposed controller is shown in Figure 3. Its components and
their differences with the conventional controller, shown in Figure 4, are described below.
(1) The voltage controller is a simple gain R%, The constant value I* is equal to the rated
current. The conventional approach uses a PI compensator in the VC loop. (2) The current
controller comprises an additional feedback from the capacitor voltage that makes the
controller a full-state feedback, allowing optimal control designs with enhanced flexibility
and performance robustness. (3) The feed-forward terms Vi = k3v.(0) and vy are utilized
for the soft start, and vgs also improves the current-limiting feature. (4) The linearity of the
loop is increased using the input linearization term that divides u to v¢. (5) The current-
limiting is performed by a saturation block and a freeze /release mechanism [17], unlike
the conventional controller, which requires an anti-windup technique. (6) The grid voltage
support properties are added and explained in Section 3.2.

3.2. Grid Voltage Support Property

As shown in Figure 5, a new branch is added for coupling the grid voltage and the
capacitor reference voltage through a droop gain. This will enable the grid voltage support
feature for this controller, as explained in the following.
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Figure 3. Block diagram representation of the proposed controller.

Voltage Controller (VC) Current Controller (CC)
Anti-Windup

Figure 4. Block diagram representation of the conventional controller.
Grid Support v, |
| +AV, &
I o vg:
: v _/_ ! 1 Ug

,,,,,,,,,,,,,,,,, ! Ts+1 «
f
% — ix EAL ., )
c— 1 in 1"— 6 3 — u——m (t )
Ro *%)—’ _/_ f K1 — -~
, al
[ R > k3 [«—0Uc
freeze/release
Figure 5. Proposed modified controller with grid voltage support capability.
The proposed controller of Figure 5 establishes
(vc — Vo) —y(vg — Vg) =Ro(i*— I*) :z?c—'yﬁg:Rof 2)

assuming i* =i, which is a valid assumption because the current control loop is much faster
than the voltage control loop. This indicates that the capacitor voltage changes linearly
with the grid voltage. The constant v determines the ratio of the grid voltage changes to
the capacitor voltage changes. For example, the grid support branch witha y=2, and a
20 V change in grid voltage, mirrors a 40 V change on the PV voltage.

Static Support: Equation (2) indicates that 9. = 'yz?g—kRof ~y¥g. This means that a unit
increase (or decrease) of grid voltage causes -y volts of increase (or decrease) in the PV
voltage. Since the characteristics are almost linear on the right side of the PV curve (as
shown in Figure 6), this translates to a linear decrease (or increase) of the power, similar to
the droop control approach to provide steady-state (or static) support for the grid voltage
based on its offsets from the rated value.

Dynamic Support (or Inertia): Equation (2) also indicates that when a fast disturbance of
the grid voltage occurs, 0.~ y0g. This indicates stabilizing inertia because a rapid change in
grid voltage causes a similar change in the capacitor voltage, making the capacitor absorb
or release energy. This dynamic response is also partially augmented by the PV power: a
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rise or fall in PV voltage leads to a reduction or increase in its power. Both factors act as
stabilizing inertia, but the capacitor effect is the dominant one.

1 Current
SC

Current (A)
Power (W)

Voltage (V) Vi Voc

Figure 6. Solar PV characteristics, showing the I-V and P-V curves of a typical PV panel.

3.3. Capacitor Design

The capacitor size is designed based on the desired level of inertia power pinertia =
We = Coc0e,

Pinertia

inertia = CY0. V. = C = .
Pinertia YOg Ve 'YZ)ch

®)

For example, if the desired inertia power is 100 W per 20 V/s of grid voltage rate of change,
with y=2, and V. =600V, then C =4.17 mF is calculated for the study system in this paper.
3.4. Design of VC Loop

The parameter R, acts like a virtual resistance that establishes the relationship

Ave  ve—V. v.—V,
Ry =—=t = ~ 4
°CT A - T¢ i—I*’ @)

because the CC is fast, i.e., i = i*. This serves as a guide for the design of R,: for the
entire range of current, e.g., 0 < i < 2J*, and for the rated grid voltage, the voltage v,
fluctuates between V. — RoI* and V. 4+ RoI*. For a% change in the capacitor voltage, i.e.,
RoI* = 0.01aV,,

aV,
1001 ©
is obtained. For example, if we allow only 5% change in the capacitor voltage,

_ 5x600 __ A A
Ro = 155%10 = 3 is obtained.

Further Discussion on Selections of V., 7y, and R,: Equation (2) indicates that variations
of v, around the set-point of V, are given by 9. = ')/?7g+R017 . Assume that (1) the converter
current can change within the wide range of 0 <i<2I*, and (2) the grid voltage can change
within V; — AV, <ve <V, + AV;. Then, v, will change between v?“i“ <o, <v"®* where

ol = Vi — YAV, + RoI*, o™ = Vi 4+ yAV; — R, I*.

In order to provide successful grid voltage support, v. should remain on the right
side of the maximum power point of the PV characteristics for the entire range of system
operation. This means vIC“m > Vi and 0" < V.
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3.5. Design of CC Loop

The CC must be fast enough to quickly limit the converter current during fault inci-
dents. In addition, its time constant cannot be shorter than a few times the switching cycle.
For a 10 kHz switching frequency, the controller time constant is chosen within 0.5 ms to
1 ms, corresponding to CC poles within —1000 to —2000.

The steady-state equations are derived by considering both the system plant (shown
in Figure 2) and the controller (shown in Figure 3). In Figure 3, assume x;(t) = [ ¢;(t)dt,
x2(t) =i(t), x3(t) =vc(t), and u(t) is the control signal. Thus, the state space equations are

derived as R
. 1 . -
f=xp—p;(x3=Ve) = I', a=—Tlxo+1, ©)

. -V, P
X3= C—fo2+ CP{/‘-;, u=—kix; —kzxz—k3X3—|—fo+Ugf/

To regulate the converter current to its reference value, a robust linear quadratic tracker
(R-LQT) presented in [25] is used. This can be converted to a linear quadratic regulator
(LQR) problem by applying % to both sides of (6) to obtain

. 1 . —R
A=n-gi h=Tatn @)

.V,
Z3 = ¢piza, w = —k1z1 — kpzo — kazs,

where z;(t) = %;(t) and w(t) = 1(t). Note that ppy, V¢, Vi, and vg are constant values and
their derivatives become zero. We can summarize (7) in a general state-space form as

z(t)=Az(t)+Bw(t), w(t)=—Kz(t) (8)
0 _Rio 0 k1 !

A={0 2 0 |, B=|L], K= |k
0 & 0 0 ks

The LQR approach optimally designs the controller gains K to regulate zq () =e;(t) =0
and minimize the cost function | = [;°(zT Qz + w?)dt, where Q = diag{[q1, g2, g3} is a
positive semi-definite matrix. The cost function is

I= _/(;Oo[ﬂhef(t) + i (1) + ga02(t) + w?(1)]dt. ©)

The parameters g; are systematically adjusted as follows to achieve a desired transient
response. The LOR solution is achieved in MATLAB using the “Iqr” command [26].

Step I: Increase q; gradually (while gy = g3 =0) until the dominant poles achieve an
acceptable speed.

Step II: Freeze q; and increase g, to achieve an acceptable damping of complex
dominant poles.

Step III: Fine-tune the pole locations (if needed) by freezing q; and g, and gradually
increasing 4.

Figure 7 shows the closed-loop poles for q; varying from 1073 to 1084, g, varying
from 107! to 10'7, and g3 varying from 10~%° to 10°°. Changing g and g, results in the
desired speed and damping, and g3 is not needed; however, it is shown for clarity. This
yields the value of designed controller gains as K= {28184 21 —32} with poles located
at —1444 + j1041 and —53.3. (Notice that the slow pole corresponds to capacitor voltage
and is disabled during the current limiting mode.)
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Figure 7. Trajectory of closed-loop poles for the controller design when gq; (blue), 4, (red), 43 (green)
change from 1073 to 1084, 10! to 10'7, and 107% to 10°, respectively.

4. Design Rationale: Controlled Voltage Offset vs. MPPT

The proposed controller in this paper intentionally avoids the traditional MPPT ap-
proach, which strives to operate the PV system at its maximum power point (MPP) under
varying conditions. Instead, it allows a small and controlled voltage offset in the PV voltage
to provide both static and dynamic grid voltage support. This feature enhances system
stability rather than prioritizing maximum power extraction. Specifically, the voltage
offset is designed to interact with the grid voltage, enabling the system to support the grid
without the tight regulation of the MPP.

In an MPPT-based system, the PV voltage is adjusted to track the MPP, ensuring that
the power output is maximized at all times. The power generation under MPPT can be
described as a function of the voltage at the maximum power point, i.e., Pyppr = f(Vimpp)-
However, in the proposed control approach, the PV voltage is allowed to deviate from the
MPP in a controlled manner to provide grid voltage support. The power curtailment due
to this offset can be quantified as follows:

P curtailment — Pvppr — Ppv (Voffset)- (10)

This represents the reduction in power generation to enable grid support. Despite the
curtailment, the system still contributes energy to the grid, providing dynamic and static
support to maintain grid stability. The curtailment, while reducing energy production,
ensures that the system is more resilient to grid disturbances and improves stability margins.
The level of power production and that of achieved grid support are in trade-off and must
be selected according to the needs in a given system.

5. Simulation Results

The power system parameters are given in Table 1 and those of the control system
in Table 2. The conventional controller is designed based on [17] to result in the same
speed and damping as the proposed controller. The unipolar PWM switching method
of [27] is used. The used PV characteristics at 25 °C and 1000 W/m? is shown in Figure 8,
which indicates a maximum power of 5075 W at 535 V with an open-circuit voltage of
650 V. When biased at V; = 600V, it generates 4 kW. It should be noted that V, determines
the level of PV power curtailment in order to allow adequate grid support. In practice,
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this can be determined by a secondary controller, which may also take into consideration
the irradiance level and temperature conditions. For this study system and the selected
values of parameters, i.e., v =2, AV, =40 V (10% of 400 V), and I* =10 A, we notice that
oM =600 — 2 x 40 + 3 x 10=550 V and 9™ =600 + 2 x 40 — 3 x 10=650 V, which are
within the acceptable range of [535, 650] V.

Table 2. Control system parameters for the study system.

Parameter Symbol Value
Conventional Voltage Control P Gain Py 0.62
Conventional Voltage Control I Gain Iy 27.5
Conventional Current Control P Gain P —-13.9
Conventional Current Control I Gain L —15,753
Voltage Limits (in Grid Support Unit) A +20
Converter Current Limits +AI +15
Grid Support Gain v 2
Controller Gains [k1 ko k3] [28,184 21 —32]
Controller Gain R, 3
6000
5000 -
259
— 4000 -
=
@ 3000 |
=
o
& 2000 t
1000
0 L L L L L L c

100 200 300 400 500 600 700
Voltage (V)

o Q

Figure 8. P-V characteristics of the selected PV panel for the study system.

5.1. PV Power Disturbances (Scenario A)

In this study, the solar irradiance of the PV array changes to half at t =0.2 s, returns to
rated at t =0.4 s, doubles at t =0.6 s, and returns to rated at t =0.8 s. Two cases of strong
and weak grid connections are simulated.

(1) Strong Grid Connection (Scenario A-1): Figure 9 shows the results. The grid voltage is
firm and unchanged. When the power changes, the proposed controller adaptively adjusts
the PV voltage according to (4). The following conclusions are made:

1. From a trace of v.(t): the proposed method adaptively adjusts the PV voltage and power.

2. Fromatrace of i(t), ig(t), i(t)vg(t): the proposed method reduces stress on both the
converter and the grid. Specifically, lower fluctuations and steady values of ig indicate
reduced power loss in the grid network.

(2) Weak Grid Connection (Scenario A-2): Figure 10 shows the simulation results. Here,
the grid voltage also experiences fluctuation. As a result, the proposed controller also
responds to those fluctuations with dynamic and static supports according to (2) and (3).
The following specific conclusions are made:

1. From a trace of vg(t): The proposed method supports the grid voltage and maintains it
within tighter limits. Specifically, when the PV power drops during 0.2 s to 0.4 s, the grid
voltage drop is reduced from about 22 V to about 12 V. When the PV power increases
from 0.6 s to 0.8 s, the grid voltage rise is reduced from about 22 V to about 7 V.

2. From a trace of v.(t): The proposed method adaptively adjusts the PV voltage and power.
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3. From a trace of i(t), ig(t), i(t)vg(t): The proposed method alleviates stress on both
the converter and the grid. Specifically, lower fluctuations and steady values of ig
indicate a reduction in power loss within the grid network.

—— Conventional Controller —— Proposed Controller

420 rPCC Voltage (V) 1

380 - 1

620 PV Voltage (V) 1

560 I I I I I

Converter Current (A)

L Grid Current (A)

—~ 6000 Converter Power (W)

s
= 2000 -

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
time (s)

Figure 9. PV power disturbances at strong grid situation (Scenario A-1).

—— Conventional Controller —— Proposed Controller

rPCC Voltage (V)

L Grid Current (A)

rConverter Power (W)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
time (s)

Figure 10. PV power disturbances at weak grid situation (Scenario A-2).
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5.2. Grid Voltage Disturbances (Scenario B)

Here, the proposed controller is tested under two major grid disturbances: (1) small
(fast and slow) voltage changes modeled by a trapezoid function, and (2) deep voltage
drop. Both strong and weak grid connections are studied.

(1) Small Disturbance, Strong Grid (Scenario B-1): Figure 11 illustrates the results when a
trapezoidal disturbance of 30 V (i.e., £7.5%) is introduced to the grid voltage (vs) behind
a zero impedance, i.e., a “strong” grid condition. The proposed controller provides grid
support according to (2) and (3). The following specific conclusions are made:

1. From a trace of v.(t): The proposed method adaptively adjusts the PV voltage and power.

2. From a trace of i(t)vg(t): The proposed method adaptively adjusts the power to
support the grid.

3. Right before t = 0.6 s, the converter current-limiting limits the converter current at 15 A.

(2) Small Disturbance, Weak Grid (Scenario B-2): Figure 12 is for the grid impedance
Rs=6 0 and Ls=5mH, i.e., a “weak” grid condition. The following conclusions are made:

1. From a trace of vg(t): The proposed method supports the grid voltage and maintains
it within tighter limits. Specifically, the grid voltage fluctuations have been reduced
by almost 50%.

2. From a trace of v.(t): The proposed method adaptively adjusts the PV voltage and power.

3. From a trace of i(t)vg(t): The proposed method adaptively adjusts the power to
support the grid.

In both Figures 11 and 12, from the trace of converter power ivg, the inertial and
stabilizing behavior of the proposed controller in response to the grid voltage is clearly
observed. It is also specifically observed that the converter power goes above the maximum
PV power (which is 5.075 kW) around ¢ = 0.6 s. This transient power is released from
the PV capacitor much the same way that kinetic inertia is produced in a synchronous
generator. The amount of inertia power that is produced complies with the capacitor design
of Section 3.3, i.e., 100 W per every 20 V /s change in the grid voltage.

(3) Large Disturbance (Scenario B-3): Figure 13 shows the current-limiting feature of the
converter when a deep grid voltage drop (from 400 V to 200 V) occurs during 0.7 < t < 0.8 s.
Both (conventional and proposed) controllers succeed in limiting the current at the pre-
specified limit of 15 A.

\—Conventional Controller —— Proposed Controller\

| PCC Voltage (V)

620 J

> 600
570 PV Voltage (V) 8

6000 \ \ : : ‘ ‘
Converter Power (W)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
time (s)

Figure 11. Small grid disturbance, strong connection (Scenario B-1).



Electronics 2025, 14, 1396

12 of 20

—— Conventional Controller —— Proposed Controller

580 [PV Voltage (V) ]

| Converter Power (W)

— 5000
< 4000
= 3000

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
time (s)

Figure 12. Small grid disturbance, weak connection (Scenario B-2).

—— Conventional Controller —— Proposed Controller‘
400 — —
S
T.300 - 1
=
PCC Voltage (V)
200 L L L L L

620 /—\ 1
\>/ 600 /L
580 PV Voltage (V) ]

rConverter Current (A)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
time (s)

Figure 13. Deep grid voltage drop (Scenario B-3).

5.3. Impact of vy (Scenario C)

The parameter 7 in the proposed controller provides a degree of freedom to flexibly
adjust the level of grid support without a need to change the PV capacitor size. This section
inspects and illustrates this property. Figures 14-16 (Scenarios C-1, C-2, C-3), respectively,
show three cases of v = 1, 2, and 3 while other parameters remain unchanged. The

following conclusions are made from this study:

1.  From a trace of i(t)vg(t): increasing -y proportionally increases the level of static and

dynamic support that is provided by the proposed controller.

2. From a trace of v¢(t): increasing v widens the range of PV voltage to allow a higher

level of grid support.

3. From a trace of i(t): The converter current is successfully limited at 15 A when-

ever needed.
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Therefore, as long as there is no other system constraint that may impose the PV
capacitor size, the parameter 7 can properly be used to minimize the size of the capacitor
while ensuring an adequate level of grid support is obtained.

‘—Conventional Controller —— Proposed Controller
415
z 400
sa
385 | PCC Voltage (V)

610 - —— J
Ef 600
590 PV Voltage (V) 1

Converter Current (A)

[Converter Power (W)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
time (s)

Figure 14. Simulation results for y =1 and strong grid (Scenario C-1).

—— Conventional Controller —— Proposed Controller‘
415
2 400
ghl:
385 PCC V9Itage (\()

620 /—\ 8
\>/ 600
580 PV Voltage (V) ]

| Converter Current (A)

— | Converter Power [\))

2000 - I I I I I I I

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
time (s)

Figure 15. Simulation results for y =2 and strong grid (Scenario C-2).

Figure 17 (Scenario C-4), repeats that of Scenario C-2 but here the grid is weakened by
adding Rs =6 () and Ls =5 mH. The proposed method succeeds in providing grid support
and confining the oscillations of the grid voltage within a much smaller range compared
with the conventional controller.
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——Conventional Controller —— Proposed Controller
415
z 400
So
385 LPCC V9Itage (\()

_620F / \ .
?: 600
>

580 Ipy voltage (V) U 1

15 "Converter Current (A): M 1

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
time (s)

Figure 16. Simulation results for y =3 and strong grid (Scenario C-3).

‘—Conventional Controller —— Proposed Controller‘

415+ ]

z 400
abl}

385 PCC Voltage (V) |

610 - J

590 PV Voltage (V) 1

rConverter Current (A)

3000 Il Il Il Il Il Il Il
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

time (s)

Figure 17. Simulation results for y =2 and weak grid (Scenario C-4).

6. Experimental Results
6.1. Experimental Setup

Figure 18 shows the photograph of the laboratory setup based on the circuit diagram
of Figure 19. The system includes two modules of Agilent E4360A PV emulators (Agilent
Technologies, Santa Clara, CA, USA) which one of them is used as the converter resource,
and the other one is directly connected to the PCC through a 6 () resistor. The characteristics
of the first PV emulator are as follows: Maximum voltage (vmax) is 65 V, open-circuit voltage
(voc) is 80.4 V, maximum current (I;max) is 2.25 A, and the short-circuit current (Is.) is 2.5 A.
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The second PV emulator operates at its maximum power point and is utilized to generate
disturbances on the PCC voltage. The grid is modeled by a voltage source in series with an
impedance, where vs =41V, Rs=12 (), and Ls =5 mH, to mimic a weak grid situation. A
Chroma programmable electronic load 63802 is used as the local load initially adjusted at
7 Q). The desired PCC voltage is 35 V.

The PV converter is a full-bridge VSC with unipolar PWM at the switching frequency
of 5 kHz. The output filter inductance is 10 mH, and its parasitic resistance is 0.4 (). The
capacitor across the PV is 2.4 mF. The proposed controller (shown in Figure 5) is designed
based on the method of Section 3.5 with g; = 1034, g, =108, and g3 = 102. Its gains are
k1 =15,849, ky =20, and k3 = —710, and the closed-loop poles are at —976.36 £ j801.04 and
—96.61. Other settings are v =2, [*=2.15 A, R, = 2, V. =73V, and Iaxmin ==£5 A. The
controller is implemented in RT-Box from Plexim [28]. The conventional controller (shown
in Figure 4) is designed as P, =0.985, I, =57.1, P, = —15.379, and [; = —8353.87 to have
similar speed and damping. Its anti-windup gain (k) is 100.

Laptop Full-Bridge | Additional Capacitor to| | DC Supply (as DC Grid)
Converter Increase the Inertia

i
==sull DC Supply (for
Driver Circuit)

4 AN
| Modular Solar {sses
Array Simulator—— )

~ r 3,
_\ 5Vto 15V Switching =4
Signal Converter

~ I Programmable L.o-éds
Grid Impedance{ (as Local Load)

L AT rat
Converter - :
I (3 |
r‘<} | I
|

[
| [ i~ Aol
[ | 6Q
| 1 i) L
! [ ipv (1)1
I Controller | |
: (RT-Box) Vg (1) [ !
| I
| L I
SudySysem

Figure 19. Schematic circuit diagram of the experimental setup.

6.2. Experimental Results

Case I [Local Load Disturbances]: Figures 20 and 21 show the responses of the controllers
to a local load sudden increase. In the proposed controller, the PV voltage is flexible. As a
result, it provides inertia support, which prevents the load voltage from a sudden drop.
Moreover, the level of the steady-state drop in the voltage is lower (down to 28.6 V in
the proposed controller compared to 25.52 V in the conventional controller). This grid-
supportive behavior lowers the burden on the grid: the grid current in the proposed
controller changes from 0.5 A to 0.95 A, while in the conventional controller, it changes
from 0.5 A to 1.18 A. This indicates lower stress on the grid and lower losses in the grid
network. Figures 22 and 23 show the responses to a load decrease. Similar conclusions
are drawn.
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1260y 2 250v/ 3 2.004/ 4 2004/

150.02

50.002/ Stop

73V
e 65V ve(t)(25V/div)
1
T
35V 28.6V Vo(t)(25V/div)
. — i
50 ms
Ey 4.63A
1 3.85A i i
] i(t)(2A/div)
2.15A [
—-n—-||——-—d
R 0,9]5A ig(ty(2A/div)
e !

Figure 20. Response of proposed controller to load increase (Case I).

1 250w/ 2 250w/ 3 200A/ 4 2008/
v

150.02

50,002 Stop

7|3v 73|V ve(t)(25V/div)
} T
35V
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L )
50 ms
by ‘
J1bA 2.8|5A i(t)(2A/div)
] ¥
5 1.18A i i
. iR , I ig()(2A/div)
I e m—

Figure 21. Response of conventional controller to load increase (Case I).

1 250w/ 2 250M/ 5 2004/ 1 2008/

150.02

50.002/ Stop

65V v Ve()(25V/div)
— '
1 286V 35|V vg(t)(25V/div)
—'—f_ T
50 ms
Zéi >
3.85A
‘ 215A i(6)(2A/div)
Ll o | .
L 0.98A
I 0.95A
: 5A i A
I — 0? io(t)(2A/div)

Figure 22. Response of proposed controller to load decrease (Case I).

150.02

50,002 Stop

1 250w/ 2 250w/ 3 200A/ 4 2008/
v

4 Liad v(t)(25V/div)
I T
35V .
1 2552V : V(1)(25V/div)
50 ms
a—? >
2.85A
2157 i(t)(2AVdiv)
o 118A _ |
e 034 iy(t)(2A/div)
- I

Figure 23. Response of conventional controller to load decrease (Case I).
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Case II [Grid Disturbance]: Figures 24 and 25 show the results when the current
injected by the second PV decreases from 2.35 A to 0.48 A. The PCC voltage in the proposed
controller decreases from 35 V to 31 V, while it decreases to 28.21 V in the conventional
controller. The grid current in the proposed controller has a 0.2 A increase, but it increases
twice in the conventional controller. Figures 26 and 27 show the responses when the current
of the second PV increases from 0.48 A to 2.35 A. Similar conclusions are drawn.

1 25.0v7 2 250v/ 3 2.004/ 2004/ 150.02 50.002/ Stop
¥

7?V G?V Ve()(25V/div)
]
35V 31V Vg(t)(25V/div)
T’—|—‘ }
50 ms
iy
SfA 3.25A i(t)(2A/div)
2.15A !
f
& 05A 0 TA ig(t)(2A/div)
|

Figure 24. Response of proposed controller to grid disturbance 1 (Case II).

1 250v/ 2 250V, 3 20047 2.008/ 150.02 50.002/ Stop
v

7?V 73:V V(1) (25V/div)
| |
35V
28.21V )(25V/di
. } | : Vg(t)( iv)
50 ms
ag -«
2 15A 2175A i(t)(2A/div)
f
i) 05A O‘|9A ig(t)(2A/div)
f

Figure 25. Response of conventional controller to grid disturbance 1 (Case II).

1 25.0v7 2 250V 3 2.004/ 2.004/ 150.02 50.002/ Stop
v

69V 73:V V() (25V/div)
J T
1 81V 35V Vy(t)(25V/div)
SR :
50 ms
z_g -«
3.25A
| 2.15A i(t)(2A/div)
- f
17A
b O-TA 0.5A i.(0(2A/div)
i

Figure 26. Response of proposed controller to grid disturbance 2 (Case II).

Case III [Current Limiting]: In this case, the PCC voltage abruptly drops from 35 V
to zero. The severe drop in the PCC voltage demands high current from the converter,
and as can be seen in Figures 28 and 29, both controllers quickly respond and inject the
current and limit it at the pre-specified value of 5 A. The fault is cleared after 180 ms,
and both controllers return to their normal operation. However, the PCC voltage in the
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conventional controller has a larger overshoot (up to 55 V) compared to the 47 V in the
proposed controller.

1 250V 2 250/ 3 2004/ 4 2004/ 1500 50003 Stop
7|3v 73|V v(t)(25V/div)
T |
| 28217 351V V(t)(25V/div)
[ —— ] !
50 ms
L[-' A e
2.65A 2.15A i(t)(2A/div)
| 1
) 9A
! 0? 0.5A io(t)(2A/div)
|

Figure 27. Response of conventional controller to grid disturbance 2 (Case II).

1 250v/ 2 250V 3 2.004¢ 150.02 50.00%/ Stop
| i | V() (25V/div)
T ! T
78V 82v 78V
a7v _
.l “E\ i Vg(t)(25V/div)
T 35V oV 35V
gt ‘ |
I _.._+__..._ . J—_—
5A
itA/Miv)
1 4|1A |30 ms - 1 JlA
Y ' 023A

Figure 28. Current limiting by the proposed controller.

1 250V 2 250V 3 2.004¢ 150.02 50.003/ Stop
| V(1) (25V/div)
|
T ! * T
78V 82v 78V
55V
_R . Vy(H)(25V/div)
—— I
¥ 3BV oV ! 35V
P ‘ i
PR S— -l-- i -
5A
i(t)(2A/div)
' 50 ms '
- LBA — 1.6A

Figure 29. Current limiting by the conventional controller.

7. Conclusions

This paper proposes a novel controller for DC grid-connected single-stage PV con-
verters. Unlike conventional approaches, which typically aim to maintain a constant PV
voltage, the proposed controller allows for a small and controlled offset in the PV voltage in
proportion to the power flowing through the converter. This relaxed approach to DC-bus
regulation results in a significantly wider stability margin for the system. A key feature
of the proposed controller is the inclusion of a feedback loop from the grid voltage into
the voltage control loop, which enables the converter to actively provide grid voltage sup-
port. This addition enhances the converter’s interaction with the grid while maintaining a
simpler structure compared to traditional controllers. The proposed design combines the
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voltage and current controllers using an optimal full-state feedback approach, resulting in
a systematic design that offers both optimal performance and robust stability. Additionally,
the controller includes a current-limiting function to protect the converter from transient
overcurrents, further improving system reliability. Detailed simulations, comparisons, and
experimental results validated the effectiveness of the proposed controller under different
practical scenarios, confirming its potential to improve the performance, stability, and
robustness of DC grid-connected PV systems.

While the proposed controller effectively improves stability and grid support, it does
not simultaneously maximize power extraction from the PV system. Future research could
focus on two directions: (1) adding an alternative energy storage device, such as a properly
sized battery, in parallel to the PV capacitor such that the grid support can be achieved from
the combination of PV and battery without losing the MPPT, and (2) researching the optimal
selection of power curtailment level (characterized by the selection of V; in the proposed
controller) and the levels of dynamic and static supports (characterized by the capacitor size
and the controller parameter y). Additionally, the scalability of the controller for larger PV
systems should be explored to ensure its applicability in high-capacity installations. Thus,
the integration of energy storage systems could further improve system reliability and grid
interaction, while adaptive tuning of control parameters, including V. and v, based on real-
time grid conditions, may optimize performance in dynamic environments. Overall, the
proposed controller offers significant potential for enhancing grid-connected PV systems,
and future work should address these areas to improve both power maximization and grid
support in real-world deployments.
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