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Abstract: Ensuring the stability of DC-link voltage in grid-connected photovoltaic (PV) systems
plays a critical role in their reliable and continuous operation. DC voltage fluctuation and, in the
worst case, DC voltage collapse will dramatically hamper real and reactive power delivery to the
grid. This is more the case in single-stage inverters with no DC-DC boost stage, and the DC voltage
has a varying nature. This paper proposes a new control approach for ensuring DC-link voltage
stability in single-stage PV systems. The proposed control strategy is based on an adaptive hyste-
resis band controller (HBC), supplementing the conventional control blocks. This strategy offers
the capability to prevent fast discharge of DC-link capacitor and keeps it within acceptable limits
by quickly modifying phase shift applied to inverter PWM through quick calculations. Results
show that the approach greatly improves PV system performance, in various operating modes. The
proposed control scheme is implemented in the real-time simulator, OPAL-RT, OP5600 to verify its
applicability and effectiveness in real time.

Keywords: DC voltage stability; distributed energy resources; maximum power point tracking
(MPPT); photovoltaic (PV) systems; proportional hysteresis band control; single-stage PV inverter

1. Introduction

Prospective utilization of photovoltaic (PV) systems is gaining ever-increasing
ground both as standalone and grid-connected distributed generation [1]. Custom-
er-level PV systems are becoming more popular in smart cities and developing commu-
nities with relatively high resiliency in improving the grid resiliency [2,3]. In this context,
significant advances have been gained in the past decade on adoption and managing PV
generators and prosumers [4]. Together with demand response (DR) schemes, the in-
corporation of these renewable energy sources at the consumer’s side promises an even
more active interaction between the grid supply and demand entities [5,6].

Generally, PV systems track the maximum power point (MPP) in grid-connected
mode to inject the maximum extractable power to the grid network. In recent years, PV
systems have also been operated in volt ampere reactive (VAR) mode in addition to in-
jecting active power which could greatly benefit power system stability [7]. Besides ac-
tive power, significant support to the grid’s reactive power requirements can also be
provided through an effective PV voltage-frequency or active-reactive power coordina-
tion [8]. Therefore, utilities take increasing interest in obtaining reactive power support
from PV systems. Furthermore, the provision of reactive power does not require the
availability of solar energy and can be produced at the PV inverter’s full capacity [9]. This
is the case when PV arrays are not generating any real power in the early hours at night
when the voltage profile may experience some imbalances due to higher consumption
compared to late night periods [10]. The reactive power support characteristic makes
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voltage/var control a more cost-effective service provided by PV systems than from other
dynamic reactive power compensators such as using flexible AC transmission system
(FACTS) devices.

To utilize PV systems for both active and reactive power generation, considerable
attention should be paid to the PV system’s DC-link capacitor as the source of the active
power as well as the main element in reactive power support [11]. In fact, DC-link volt-
age stability is a basic criterion for providing sustained and reliable power delivery into
the grid. Operation of PV systems in MPPT is a critical point for DC voltage stability
considering the PV’s current-voltage characteristic. In the current source region, a small
current increase will probably cause a DC voltage collapse [12]. As a result, the PV sys-
tem running near the MPP operating point is more sensitive to disturbances. The situa-
tion is more severe in the simultaneous MPP tracking (MPPT) and voltage/VAR tracking
mode [13].

The control function is even more complicated in single-stage PV systems. Sin-
gle-stage inverters only consist of an inverter which controls the real and reactive power
output as well as generating a grid-compatible voltage [14]. Among power converter
topologies, reduced component count converters are popular [15]. Typically, a sin-
gle-stage inverter has higher power conversion efficiency, lower cost, and higher relia-
bility since the chance of component failure is lower with respect to the two-stage con-
verter [16]. These factors are highly desirable features of renewable energy resources and
therefore, the use of single-stage inverters is becoming more common. The control of the
whole PV system in this case, however, becomes more complicated [17,18]. To control
DC/AC links and reduce power losses of a power converter, modulation and control
techniques are proposed in [19,20]. Generally, a grid-connected PV system has two con-
trol loops. The inner loop is a pulse width modulation (PWM) loop, realized conven-
tionally through a DC/DC converter, which modulates output currents of the inverter, to
meet waveform and phase requirements. The outer loop, realized through a DC/AC in-
verter, determines the output power of the inverter according to the MPP of PV panels. In
single-stage grid-connected PV systems, both loops should be realized simultaneously in
one power conversion stage, thus simplifying the system topology at the cost of compli-
cating the control circuit. This topology may make the DC-link voltage more vulnerable
to radiation and network disturbances [21].

Few papers have discussed methods to improve DC voltage stability in single-stage
PV systems. Libo et al. [22] have used a modified incremental conductance approach to
ensure DC-link voltage stability. However, the algorithm may need a fast DSP controller
due to cumbersome and complicated calculations. Li et al. [14] introduced a correction in
PWM phase shift based on power derivative with respect to PV voltage. As the PV array
enters into the current source region, and the value of voltage derivate of PV power ex-
ceeds a threshold, a correction term proportional to this derivative is added cumulatively
to the phase shift of the inverter PWM in each time step.

However, this method may not be fast enough to compensate DC-link voltage as it
accomplishes the correction function in several time steps. Increasing the size of induct-
ance in the LC filter used at the output of the inverter is another way to help maintain a
relatively steady DC voltage. However, the reactive power consumption and voltage
drop across the inductance will increase remarkably. Moreover, the cost of filter induct-
ance as one of the most expensive elements in grid-connected PV systems will dramati-
cally rise [23,24]. In [25], a power reduction strategy is taken without direct sensing to
control and stabilize the DC-link voltage. In a recent work, [26], a P-Q coordination
technique based on voltage level control is adopted to improve the voltage stability of a
PV system feeding the main grid. Finally, in [27], a tuning method of the conventional
PI-based controller is introduced to lower the fluctuations and improve the total har-
monic distortion (THD) of the inverter output. However, as mentioned, the fast abrupt
changes to the main grid and PV inverter settings may totally undermine the perfor-
mance of a conventional control mechanism.
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In this paper, a new approach is proposed for DC-link voltage stability based on an
adaptive proportional HBC principle. The HBC method is a fast and robust control
method with simple implementation and a standard digital signal platform. Adaptive
HBC has been used widely, mainly to yield active power filtering and drive applications
[28,29]. In addition to relieving the high load of calculations in the microcontroller, im-
mediate correction of DC voltage is achieved as it ends up above and below the prede-
termined upper and lower limits, respectively. The controller acts by adjusting the phase
shift applied to the inverter PWM in order to compensate the DC-link voltage drop. The
phase shift adjustment occurs in a single step and is proportional to the rate of DC volt-
age decrease prior to phase shift correction. Therefore, the DC voltage restoration is re-
alized in a fast way, avoiding severe DC-link voltage collapse. The HBC module acts as a
supplementary correcting element besides the main MPPT controller to provide a robust
voltage characteristic to the grid-connected PV system. As demonstrated, the proposed
approach can be reliably implemented in different PV operation modes in combination
with the MPP tracking operation.

The rest of this paper has been organized as follows: The proposed grid-connected
PV system configuration will be discussed in Section 2. Section 3 will introduce the
characteristics of the proposed proportional hysteresis band controller and discuss the
operational principle of the modified MPPT method. Simulation results for the proposed
approach as well as discussions will be presented to explain the performance of this ap-
proach in Section 4. Finally, conclusions will be included in Section 5.

2. Overall System Configuration

The proposed single-stage grid-connected PV system, consisting of PV panels, an
inverter, a controller, and filters, is shown in Figure 1.
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Figure 1. Grid-connected single-stage PV system configuration.

Sun radiation is the most influential environmental parameter affecting the output
of PV systems. The other main parameter is the temperature which is assumed to be
constant in this study only for simplicity. Figure 2a,b show the simulated I-V and P-V
characteristics of the ideal PV panels, respectively. The series of curves show the output
characteristics under different levels of illumination [14,16].

In MPPT control, it is desired to operate the PV system at knee point of Figure 2a
corresponding to the peak point of Figure 2b for which the following expression holds:

0Ppy  0(Vpylpy)  Olpy WVpy
= = Vpy + Ipy =
Vpy Vpy Vpy Vpy

0 1)

In the proposed grid-connected PV system, the PV output voltage and current val-
ues are used to calculate Ppy, which is desired to be at maximum value. As opposed to
methods like P&O, the changing rate in DC power to voltage (0Ppy/dVpy) or current
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(0Ppy/0Ipy) can be used as an indicator of the PV array operating point, which, according
to Equation (1), equals zero at the maximum power point (MPP). 0Ppy/0Vpycan be cal-
culated using samples from output active power and DC voltage [17].
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Figure 2. (a) I-V curve of ideal PV panel; (b) P-V curve of ideal PV panel.

The objective of the controller is to keep 0Ppy/dVp, at or near zero (or to keep
0lpy/0Vpy equal to —Ipy/Vpy). Figure 3 illustrates the control circuitry of the PV system
introduced in Figure 1. The PI controller 1 is tuned to keep 0Ppy/dVp, near zero and thus
track the maximum power point. Moreover, the injected reactive power, as obtained from
output voltage and current values (v, and i.), is sampled by the respective control loop
and regulated based on the specified Qs value. This control loop can be modified, in
terms of PI controller gains, to also track the reference point of common coupling (PCC)
voltage. Controller gains can be obtained using different methods [10].

The proportional hysteresis band controller (PHBC) helps in maintaining DC volt-
age within an acceptable level, which can be predetermined based on the PV system set-
tings and grid requirements, and is discussed fully in the next section.
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Figure 3. Proposed control block diagram of the PV system.

3. Proportional Hysteresis Band Controller

Operating around MPP makes PV DC voltage in single-stage PV systems very vul-
nerable to radiation and network disturbances. Situations like sudden radiation change
or a change in voltage and reactive power reference values may cause the DC voltage to
drop. If the PV inverter real power output is not decreased below the PV array output
power very quickly, the capacitor will further discharge and the operating point on the
P-V curve drops further down on the left side of the MPP and eventually the PV DC
voltage drops to an unacceptable level before it starts to increase.

Due to the relatively slow speed of the MPPT PI controller, DC voltage drop is usu-
ally inevitable and therefore a fast method of correction in PWM phase shift becomes
necessary to maintain a stable DC voltage [1,6]. A proportional HBC is used in this study
to take this necessary correction measure to move the PV operating point back to the
voltage source region. Contrary to typical hysteresis band controllers, which apply fixed
controller gains during two certain modes of operation, proportional HBC introduced in
this paper has variable gains for the two modes. Figure 4 shows how this controller
drives the PV DC-link voltage into a steady state voltage source region by changing the
phase shift correction value in accordance with the rate of DC voltage drop in the capac-
itor as well as the PV’s active power drop. As the DC voltage of the PV system sinks be-
low a predetermined value, the controller applies a coefficient, 0 < k; < 1.0 to the PWM
phase shift so as to lower the phase shift instantly and thus limit the amount of injected
active power to the grid. The capacitor will therefore have time to be charged back to the
normal level. The coefficient applied to the phase shift will not be reset until the DC
voltage exceeds the predetermined maximum level. The higher the rate of voltage drop
in the DC-link capacitor and PV active power output, the larger the correction term ap-
plied to the PI controller phase shift output and the sharper the overall drop of PWM
phase shift will be, hence yielding greater energy saving for the capacitor to charge back
to normal level.

The PV output active power decreases as the DC-link voltage drops. In order to have
a stable DC voltage, the balance of energy between the PV input and its output to the grid
shall be maintained at all times. Accordingly, the reduction in PWM phase shift should
necessarily be large enough to compensate for the capacitor voltage drop as well as to
reduce the prospective output active power to where it has reached by the time it crosses
V42 level. Thus, the portion (Aa) to be deducted from the initial PWM phase shift is
composed of two parts: the first part is for compensation of the DC voltage (Aa;), and the
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second part is for lowering the output active power by the amount that it has dropped
(Aay).

A
E Increasing rate of voltage drop
2 [k=1.00 Z
L
S == ké ol
e . I]? ] k, <k, <k,
A — .
&
E[k<t007 '
= el :
E IV| : \/2 o
PV DC Voltage

Figure 4. Proportional HBC.

3.1. DC Voltage Compensation Term

Energy stored in the DC-link capacitor during normal operation should always be
maintained. Suppose a DC voltage disruption occurs in the PV system which causes
DC-link voltage to drop from V; to V,. In order to make up for the lost energy, which has
been injected to the grid in excess of the PV’s maximum output power, a tightening of the
PWM reference phase shift is required during the prospective period that this voltage
drop was going to happen.

1 _ VianG
SCR* —17%) = —x, (ba)(an) 2

where V;,,, is the rms output voltage of inverter, V; is the rms grid voltage, C is the
DC-link capacitance, and V; and V, are, respectively, the initial and final expected ca-
pacitor voltages during DC-link voltage collapse. Aa; is the amount of change in the
PWM phase shift and At is the required time interval to apply Aa; in order to avoid DC
voltage drop. In the most severe condition, V, can be taken equal to be zero, assuming
voltage collapse will continue until the complete discharge of the DC-link capacitor.

The output of inverter voltage is related to the modulation index m, and the
DC-link voltage [30]:

Vinw = f(ma)Vpe 3)

where f(m,) is the ratio of the fundamental output of the inverter to the amplitude of
the source voltage. For m, = 1.0, this ratio equals V3/2v/2 =~ 0.612 [31,32]. Therefore,

for the fundamental component of the inverter output voltage, the following expression
holds:

V3 (Ve
Vinw = (

Vinvl = ﬁ _) = 0'612VDC (4)

2
where Vj,,,; is the fundamental component of inverter output voltage. Higher-order
components are ignored, assuming proper sizing of the LC or LCL filter.
Due to varying characteristics of V. during voltage collapse, it can be expressed as
a mean value between the initial and final values V; and V,, respectively:

Vi +V
Voe = ——— (5)

Combining Equations (4) and (5) into (2) yields:
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0.612V
2X,

1

Simplifying Equation (6) and rearranging for the PWM phase shift will result in:
_C, — V)X e
0.612V,At

Voltage changes in the DC-link capacitance can be detected by an approximate

(difference) equation:
LV V) -V —Ty)
V=% T, ®)

where T is the DC voltage sampling period.

The value of V', as defined in Equation (8), is used to replace (V, —V;)/At in Equa-
tion (7). Hence, the required correction to the phase shift of voltage source converter in
Equation (7) can be expressed as:

VX
T 0.612V

Aay 9)

Equation (9) shows that the DC compensation term in phase shift reduction is
proportional to the rate of voltage change and lowering the phase shift by this amount
will compensate DC voltage variations in DC-link capacitor commensurately.

3.2. Active Power Output Correction Term

Upon DC voltage drop from VDhCigh to V)%, the output active power will also drop.

This power has also been injected to the grid in excess of the input amount and therefore
it shall be trimmed. The active power output correction term is related to the active
power drop as follows:

0.612VpcVs

AP = Phigh — Py = X, a;

(10)

where Py, and Py, are the PV output power when DC voltage is V;Cigh and V32", re-
spectively. AP can also be expressed as:

oP
=— 11
AP = ——At (11)
where At is the same as in Equation (2) and is defined as:
Jat 1 1
At = WAV = EAV = 7 (Vhigh - VlOW) (12)
ot
Combining Equations (11) and (12), AP is obtained as:
oP
AP = W (Vhigh - Vlow) (13)
and inserting Equation (13) into (10) results in:
apP 0.612V, -V,
FTR (Vhigh —Viow) = %Aaz (14)
Rearranging for Aa, yields
oP
Ad. = W (Vhigh - Vlow)Xl (15)
27 0.612Vp0V;

0P /dV is calculated through taking samples from power and voltage quantities, as

low

discussed previously, and VDhCigh and Vp2” are set according to the design requirements.
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Vpc is taken slightly below V2" to account for a small further drop in DC voltage before

the compensation takes effect.
Hence, the overall phase shift reduction is the sum of DC voltage compensation and

active power correction terms:

Aa = Aa; + Aa, (16)

where Aa is the amount of reduction in phase shift upon observing the unstable DC
voltage condition. The final PWM phase shift applied to the inverter becomes:

Apwm = Aini — At 17)

where a;,; and apy, are the initial (uncorrected) and final PWM phase shift, respec-
tively. It should be noted that apy,, as obtained above will prevent a DC voltage drop
below V}2¥. Therefore, in order to raise the DC voltage level back to VDhég " the phase shift
shall be slightly below apyy. The apyy, evolution is visually depicted in Figure 5.

oo | sdV.

high AN

PWM

da

>}
Taa

PWM

-

® dr Time

Figure 5. DC voltage, active power, PWM phase shift, HBC output, and overall phase shift.

4. Simulation Results

The proposed method is used to control the DC-link voltage level in three major
modes. The first is MPPT mode when the PV system is connected to the grid. MPPT with
VAR tracking is taken as the second test case and for the third case, MPPT with voltage
regulation mode is considered. PWM phase shift correction is calculated based on in-
stantaneous voltage and power values and system parameters (as given in Appendix A).
The sampling period is taken as T; = 1ms and simulations are performed using
MATLAB-Simulink™ software. As a general observation in all cases, the PWM phase
shift in the absence of hysteresis controller reacts relatively slowly to the drop in DC
voltage and active power output as shown in Figure 6. However, by using the hysteresis
controller, besides having an overall fast response, the phase shift will change in a step-
wise manner which becomes steadily smaller until the steady value of the phase shift is
reached. As depicted by dashed lines, the mean phase shift value during the transition



Electronics 2022, 11, 452

9 of 16

between setpoints is lower with the proposed control approach as compared to conven-
tional control. This contributes to the DC-link voltage stability as demonstrated in the
following study cases.

4.1. MPPT Mode

As a base case, the PV system performance in MPPT is studied. Although a change
in radiation level is usually slow enough to allow for the controller to adjust the power
output level, here a step change in radiation level is introduced to represent any kind of
interruption on the DC-link voltage level either internally or imposed by the grid. The
reactive power injected to the grid is zero and grid voltage is steady at 380 V. A radiation
change occurs from 1000 to 800 W/m? at t = 1.2 s. The conventional MPPT controller’s
output and the respective output power and DC voltage level are shown in Figure 7a. As
shown, the DC-link capacitor experiences a great voltage drop from 650 V down to below
100 V before it starts to recharge. This is attributed to the fact that the amount of power
delivered to the grid is beyond the rate of DC-link capacitor charge recovery, which has
been weakened due to lower irradiance levels. The conventional PI controller employed
in this case cannot provide as fast a response to this step change to avoid the tremendous
DC-link voltage drop.

With the proposed proportional hysteresis band controller, however, the PWM
phase shift is adjusted in proportion to the drop in active power and DC-link voltage
drop rate and compensation is achieved, immediately resulting in steady DC-link volt-
age, as shown in Figure 7b. Due to the appropriate gain of hysteresis band controller, the
steps in phase shift correction are eventually reduced as per Figure 7b until a stable DC
voltage is reached.

0.1~ SR UL .
__________ e —— N/-N—w—
[0
0.05 - ——PWM Phase shift with conventional control 8
PWM Phase shift with conventional + HBC control
= = Mean PWM phase shift with
conventionl+HBC upon setpoint change
0 | | il
0 0.5 1 15 2 25_ 3 35 4 45 5
Time (sec)

Figure 6. PWM phase shift during disturbance with conventional control vs. proposed control
scheme.
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Figure 7. DC voltage and output active power with step change in radiation from 1000 to 800 W/m?
at t =1.2 s with: (a) conventional control and (b) proportional HBC.

4.2. MPPT and PCC Voltage Reference Tracking

The PV system may be asked by Microsource Controllers in microgrids to track a
reference PCC voltage. Figure 8a,b show system performance in the absence and pres-
ence of the hysteresis controller effect, respectively. There is an increase in reference PCC
voltage at t = 3 s from 1.0 to 1.02 pu, that is, from 380 Vrms to about 388 Vrms (line
voltage). This will entail the PV system increasing the injected reactive power to PCC.

As seen in Figure 8a with the conventional PI controller, no matter how finely the
controller has been tuned, great voltage sag will occur, resulting not only in severe dis-
tortion in the output active power and current, but also absorption of a tremendous
amount of reactive power from the grid before it starts to increase injected reactive
power. Figure 8b shows the improved situation using the proposed proportional hyste-
resis band controller. The maximum ripple in the injected active power is reduced to less
than 2 kW compared to more than 5 kW in the conventional control. Other advantages
offered by this approach include the reduction in reactive power fluctuation, as in the
transient situation the PV system absorbs a great amount of reactive power from the grid
due to the low DC voltage.
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Figure 8. VPCC control with: (a) conventional controller and (b) proportional HBC. VPCC refer-
ence is changed from 1.0 to 1.02 puat t = 3s.

Here, by maintaining the DC-link voltage above 550 V, this problem is alleviated.
Considering the reduced fluctuations in the PV output quantities, output filter size and
cost can also be reduced. It is also worth noting that the settlement time with the con-
ventional control is higher than that with the proposed hysteresis band controller. As is
evident in Figure 8b, the PCC voltage has just settled on 388 V within 7 s from the refer-
ence change. However, as is observed in Figure 8a, the PCC voltage is equal to 400 V after
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7 s and it will take longer for the PCC voltage to come down to 388 V with the conven-
tional method.

4.3. MPPT and VAR Tracking Model (Real-Time Scenario)

In this study, the PV system with the proposed control method is implemented in
the real-time simulator, OPAL-RT-OP5600, to verify its applicability and effectiveness in
real time. Figure 9 shows the broad configuration of the experimental setup. Figure 10a,b
show the PV system’s DC voltage and active and reactive power variation in MPPT and
VAR tracking mode without and with the hysteresis band controller, respectively. A step
change is applied to reactive power reference from 3 kVAR to 10 kVAR in t = 2s. As
shown in Figure 10a, in the absence of the hysteresis band controller, DC voltage is de-
creased to a very low value before returning to the normal level, causing a severe fluctu-
ation in the active and reactive power injected to the grid.

With the proportional hysteresis band controller (PHBC), however, the DC fluctua-
tion is confined to less than 80 V (0.2 pu) as shown in Figure 10b and therefore, the active
and reactive power distortion is considerably controlled.
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Figure 9. Real-time experimental setup.
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Figure 10. DC voltage and active and reactive power variation in VAR tracking mode with step
change in reference reactive power at t =2 s from 3 kVAR to 10 kVAR using: (a) conventional con-
trol; and (b) proportional HBC.

As observed, the proposed control strategy functions reliably well in different PV
operating modes. The term Aeg, in Equations (15) and (16) ensures enough reduction in
phase shift a that a rise in Vp to above VDhCigh is guaranteed. This makes for a robust
supplemental control compared to other methods already in use.

In [7], a correction term is applied to PWM phase shift whenever the value of dP/dV
goes beyond a certain level. The proposed method here, however, allows for the normal
control to perform its function during normal operation. The supplementary PHBC
comes into action only when the DC voltage falls below a predetermined value, thus al-
lowing for a much faster control operation with minimum interference with the normal
control circuit in normal operation conditions. Further, since the approach in [7] mainly
relies on a simple proportional correction term, the resulting PWM phase shift and
therefore the output voltage and current quantities are distorted due to the fluctuating
nature of dP/dV. This may not yield satisfactory results for all possible modes of opera-
tion and with any degree of interruption. For instance, the system does not respond as
well in PCC voltage control as it does in VAR tracking mode, with a fixed controller
proportional gain. So, it will need the proportional gain tuning for each mode and degree
of transient severity. The proposed method, however, is based on the DC voltage limits
and yields relatively smooth waveforms due to the fixed PWM phase shifts with a trivial
output ripple that can be eliminated by proper output filter sizing.

4.4. Inverter Power Output Effect on DC-Link Voltage

As witnessed, operation in MPPT mode is a common goal of the control module for
all considered cases. The interaction between DC voltage control and the maximum
power generation is an interesting feature involved in these study cases. As observed,
upon the step changes introduced into different scenarios, including the changes applied
to the irradiation level and the reactive power setpoint, the proposed HBC module tem-
porarily prevails upon the maximum power tracking for a short duration in order to
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prevent a further drop in DC-link voltage. As demonstrated in Figure 8b and Figure 10b,
this action also leads to a more consistent power output profile besides avoiding DC-link
voltage collapse. The result is indeed an improved transient state upon setpoint changes.
After stabilization, the MPPT operation is resumed and the HBC controller automatically
becomes inactive. This unique coupling between the MPPT control and DC-link voltage
control is a major feature of the proposed approach.

The proposed approach is well-suited for PV connection to infinite grids where the
voltage sourced inverter is mainly involved in maintaining a steady active and/or reac-
tive power supply to the grid. Moreover, as demonstrated in Figure 8, the system per-
formance is deemed acceptable for moderate changes in PCC voltage which is typical of
weak grids. In the case of connection to grids with higher voltage fluctuations, main-
taining a steady voltage at the inverter’s output may require a more sophisticated control
mechanism by the inverter controller such that all control objectives including maximum
power delivery, stable DC-link voltage, and stable voltage at the inverter output termi-
nals are met.

5. Conclusions

In this paper, a new approach based on PHBC is introduced to ensure the stability of
DC-link voltage in grid-connected PV systems. By effectively combining the hysteresis
band controller module with the main MPPT controller, a fast correction is made to the
reference phase shift of the PV inverter's PWM generator when the PV operation point
moves to the current source region. As demonstrated by the simulation and experimental
results, besides improving DC voltage stability, the transient conditions in terms of active
and reactive power and current injection to the grid are improved. The system also
reaches the steady state through shorter and less volatile transients than with the con-
ventional control methods. Simulation results for different operating regimes including
MPPT mode, MPPT+VAR control mode, and MPPT+PCC voltage control mode indicate
the proficiency of the proposed approach and the steady operation of the PV system
against a diverse set of exogenous disturbances. Thus, the proposed approach can be
regarded as an efficient and cost-effective tool to ensure the stability of DC-link voltage in
single-stage solar PV systems for different operating modes.

As discussed, further studies can examine the extent to which the proposed control
mechanism can be stable against significant PCC voltage fluctuations and further control
strategies thereof. Moreover, work on sensorless control methods in combination or as
backup strategies for the proposed approach can be tremendously valuable. Further,
considering other uncertainties including the ambient temperature fluctuations, possible
filtering impacts, etc., can also be considered in future works.

Appendix A

Parameters used in this study for single-stage PV system and electrical grid are
presented in Tables A1-A3:

Table Al. PV array parameters.

Number of cells in series N, =44

Number of cells in parallel N, =5

Internal Series Resistance Ry, =0.47 Q

Cell voltages Voc =23V, Vypp =17V
Switching circuit parameters:

PWM Three-phase, six pulse

Switching Frequency fsw = 2kHz

Modulation Index m, = 1.00

DC-link capacitor parameters:
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Capacitance C; = 400 pF
HBC reset voltage VIt = 650 V
HBC activation voltage Viow =600V
Minimum Acceptable DC-link voltage Vo
Filter Inductance Lr = 5mH
Filter Capacitance Cr = 65 uF
Table A2. Grid parameters.

Line to Line Voltage V, =380 Vrms
Frequency f =50Hz
Short-Circuit Power Sse = 100 kVA
Reactance to Resistance Ratio X/R=5

3-Phase load parameters

10 kW, 1 kVAR, lag

Table A3. PI controller gains.

K, K,
MPPT Control 2x 10714 2% 1075
Reactive Power Control 2x1077 2% 1075
PCC Voltage Control 2x1072 1.5 x 1072
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