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for distributed photovoltaic
power generation systems
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The control strategy of a distributed photovoltaic (PV) power generation system
within a microgrid consists of an inner-loop controller and an outer-loop controller.
The inner-loop controller is divided into two types, namely, the maximum power
point tracking (MPPT) control strategy and DC bus voltage support strategy.
Switching between these two control strategies results in issues such as DC bus
overvoltage, system oscillations, or even PV system failure. An improved droop
control strategy with a novel inner-loop controller is proposed, incorporating an
output power derivative regulator. The control system unifies MPPT and DC bus
voltage support strategy without switching the controller structure. A simulation
model is built to validate the effectiveness of the proposed control strategy, and the
results show that the ripple of DC bus voltage decreases by more than 60%.

KEYWORDS

output power differential control strategy, distributed photovoltaic power generation
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1 Introduction

The photovoltaic (PV) power generation system can reduce fossil energy consumption
and carbon emissions (Manoj Kumar et al., 2023; Dhinesh and Vijayakumar, 2022). The
installed capacity of PV systems has the most spectacular growth all over the world. Because
of the features of microgrids and PV systems, it is essential for PV systems to be connected
to microgrids through power electronic devices on a large scale (Hu et al., 2022; Shao
et al., 2023).

In order to maximize the utilization of solar energy, most available PV systems always
adopt the maximum power point tracking (MPPT) control strategy (Xiong et al., 2021;
Xuan et al., 2022). Due to the volatility of PV power, which creates an imbalance between
generation and local load power, and the lack of DC bus voltage support, additional energy
storage devices are required (Shen et al., 2023). As high-density distributed PV systems with
increasing capacity are connected to microgrids, there are still problems such as DC bus
overvoltage and undervoltage, which result in energy storage devices being overcharged or
undercharged (Hadjidj et al., 2019; Xiong et al., 2020). While increasing the capacity of
energy storage devices may solve the problem, it also leads to higher maintenance costs.

In order to apply MPPT, the PV controller requires steady and reliable DC bus voltage
with small fluctuation and high capacity for proper functioning (Shavolkin et al., 2023; Raj
and Kos, 2022; Harag et al,, 2022). In island mode, the microgrid is disconnected from the
major power grid, so it loses the reliable and stable DC voltage support ability from the bulk
power grid. Thus, the power balance between the local load and power generation should be
governed within the microgrid itself (Rezaei et al., 2022; Liu et al., 2023). To some extent, a
high-capacity energy storage device in the microgrid can support the DC bus voltage (He
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et al, 2022). Nevertheless, energy storage devices increase
construction and maintenance costs, and there are still problems
such as overcharging and undercharging (De et al., 2023).

Cai et al. (2018) proposed a control strategy for PV systems in
the island mode, which consists of two control loops. The inner
control loop is the output voltage loop, and the outer control loop is
divided into two categories, namely, MPPT control strategy and DC
bus voltage support strategy. When the charging and discharging
powers of energy storage devices and the load and output powers of
PV systems are unbalanced, the outer loop adopts the DC bus
voltage support strategy. Conversely, when these are balanced, the
outer loop adopts MPPT. However, switching between MPPT and
DC bus voltage support strategies will lead to voltage and power
oscillations and may even cause the PV system to crash.

Thus, an advanced and reliable control strategy for PV should meet
the following criteria. In island mode, a steady DC bus voltage should be
achieved without requiring additional efforts in software and hardware
design (Li et al,, 2023). In grid-connected mode, PV applies MPPT to
maximize the utilization of solar energy (Shubham Kumar and Anshul,
2023). The control strategy can implement MPPT and DC bus voltage
support without switching the control configurations (Vijayshree and
Sumathi, 2023), and for distributed PV systems in microgrids, the
control strategy algorithm is decentralized to reduce the influence of
communication systems (Zhu et al., 2022).

The mathematical formulas for describing photovoltaic arrays tend
to be nonlinear. It can be divided into two regions, namely, region I and
region I In region I, dP,,,/dv,,, is positive. P, is the output power of the
PV array, and v, is the output voltage of the PV array. In region II,
dP,,/dv,, is negative; as P, increases beyond the load power, v,y
decreases to maintain a steady DC bus voltage. On the basis of
theoretical analysis, an improved droop control strategy is proposed.

The proposed control strategy also consists of two loops. The
outer control loop is the droop control loop, and the inner control
loop is used to control dP,,/dvy,. By controlling dP,/dv,, to be 0,
the proposed control strategy becomes equivalent to MPPT. By
controlling dP,,,/dv,, to be negative, the proposed control strategy
becomes equivalent to the DC bus voltage support strategy. Thus,
with the novel control strategy, the PV system can switch control
targets naturally without switching the control strategy.

Since dP,./dv,, and P,, tend to be nonlinear, the droop
coefficients for each distributed PV change to distribute the local
power balanced to each PV. A parametric design method for droop
coefficients is also proposed.

To verify the feasibility of the proposed control strategy, a
simulation model with three distributed PV systems is built, and
the results show its effectiveness.

2 PV model

2.1 Mathematics model of
photovoltaic arrays

PVs are always connected to the DC bus through a DC/DC
converter. The DC/DC converter adopts a control strategy with two
control loops, and the outer-loop controller applies MPPT, the
inner-loop controller is the output voltage of the photovoltaic
array controller. Figure 1 shows the structure diagram of the PV.
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Here, i,y and v,,, are the output current and output voltage of the
photovoltaic array. v, and i, are the DC bus voltage and the DC bus
current, respectively. Ly is the filter inductance. C,, and G, are the
output capacitance and DC bus capacitance, respectively. v; and i;
are the output voltage and output current of the DC/AC converter,
respectively.

The DC/DC converter can adopt the Boost converter if the serial
number of photovoltaic arrays is relatively small, and the DC/DC
converter can adopt the Buck converter if the serial number of
photovoltaic arrays is relatively large, and the DC/DC converter can
adopt the Buck/Boost converter, if the serial number of photovoltaic
arrays is reasonable.

The output current of the PV is expressed as

N Iscn Vpr
L(ewsﬁv, - 1), (1)

Yocn

ipv = NpIsc,n T T voen
e —1

where N, is the number of parallel photovoltaic arrays and N; is
the number of serial photovoltaic arrays. V., and I, are,
respectively, the open-circuit voltage and short-circuit current of
photovoltaic arrays at 298.16 K and 1,000 W/m”. a is an equivalent
constant of the ideal diode. V; in Equation 1 is the thermal voltage of
the photovoltaic panel, and it is expressed as

NkT
Vi=—— (2)
q

where k is the Boltzmann’s constant, T" is the environmental
temperature, g is the number of elementary charge, and N is the
serial number of the photovoltaic power generation unit.

Based on Equations 1, 2, the output power of photovoltaic arrays
is expressed as

, (wr-o2)
va = lvapv = NpIsc,anv 1 —e\NsaVe Ve . (3)

The relational expression of the output voltage ripple and the
output capacitance is

dvyy

Coge =i

- (4)
According to Equation 4, the lager capacitance can reduce the
output voltage ripple.

2.2 Control strategy of the PV

The PV system operates in three different modes, namely,

» «

“islanding mode,” “grid-connected mode,” and “switching mode.”

In switching mode, once the interconnecting tie of the PV and
large power grid breaks, the PV system should switch its operation
mode from grid-connected mode to islanding mode. After the fault
is cleared, the PV system should switch back to grid-
connected mode.

In grid-connected mode, with the support of voltage and
frequency from bulk power systems, the PV system always
adopts MPPT. In islanding mode, due to the lack of DC bus
voltage support, the PV system should be configured with energy
storage devices to adopt MPPT. There is still a risk of overcharging
energy storage devices if P, is larger than the local load and the
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FIGURE 1
Structure diagram of the PV system.
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Control strategy.

charging power of the energy storage device, leading to DC bus

overvoltage and even system failure. In addition, incorporating the |
energy storage devices increases the construction and | dEydypmisniegative
maintenance costs. |

Thus, in islanding mode, the control strategy of the PV system dP,/dv,, is positive I
can be divided into two categories, namely, MPPT and DC bus 2 :
voltage support strategy. According to the operating condition, the I
control system switches the control strategy to meet the !
performance requirement. Figure 2 shows the control strategy of
the PV system.

As shown in Figure 2, the control system of the PV needs to

switch between the two types of control strategies according to the Vo

operating condition. The construction of the control system is FGURE 3

complicated, and the hardware and software costs increase. The Output characteristics of the photovoltaic array.

toughest problems caused by switching control strategies are voltage
and power fluctuations, which result in poor reliability of the control
system. The severe voltage and power fluctuations will result in PV
system failure. 2.3 Output characteristics of

Here, d is the duty cycle of the DC/DC converter, i, is the load photovoltaic arrays
current, vq.* is the reference value of DC bus voltage, vffcf is the
reference value of the DC bus voltage controller, and v;evf is the Figure 3 shows the schematic diagram describing P, varying
reference value of the controller for v,,. with v,y of the PV array.

Frontiers in Energy Research 03 frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1430580

Zhengwan et al.

As shown in Figure 3, it is divided into two regions, namely,
region I and region IL. In region I, dPy,/dv,, is positive, and in region
II, dP,,/dv,, is negative. MPPT is equivalent to dP,,/dvy, = 0.

As the local load power increases, the DC bus voltage
decreases. While in region II, as v,, decreases, P, increases.
So, thelocal load power and Py, are balanced again. In region I, as
Vpy decreases, Py, decreases, which results in a worse decrease in
DC bus voltage. Hence, region II is more stable than region I. By
controlling dP,,/dv,, to be negative, the DC bus voltage support
strategy is achieved.

3 Proposed control strategy

3.1 dP,,/dv,,

Based on Equation 3, dP,./dv,, can be calculated using the
micro-increment of conductance di,/dvyy, and it is expressed as

dp,,

dvyy

d(Vpvipy) . dipy

=———"=10,+V .
pv pv
dvp, dvpy

(5)

A low-pass filter is adopted to reduce the influence of noise on
ipvs Vpv» and Py, In addition, the micro-increments of i, and v, are
calculated using the low-pass filter. The output voltage and output
current of the low-pass filter are expressed as

i1(5) = i (5, ©)
W) = o () )

where s is the differential operator and iy (s) and vp(s) are
Laplace transform from iy,(f) and v;,(t), respectively. T is the time
constant of the low-pass filter. i(s) is the output of the low-pass filter
for i, (s). v(s) is the output of the low-pass filter for v,(s).
The deviations from Equations 6, 7 are expressed as
_ ipv (S) —if (5)

sig(s) = T (8)

Vpv (8) = ve (s)

T )

sv(s) =

According to Equations 8, 9 and inverse Laplace transformation
theory, dig/dvy is expressed as

dipy  dit iy —i

dvpy Tdve Vpy =Vt (10)
Based on Equation 10, the time constant of the low-pass filter
has no influence on di,,/dv,,. Thus, the time constant of the low-
pass filter is designed to reduce the noise. T'is set based on the cut-off
frequency of the low-pass filter. The cut-off frequency is 1,000 Hz, so
T is equal to 1/20007.
According to Equations 5, 10, dPy,/dv,, is expressed as

dp,,
dvpy

. z.pv - if
Sy F Vv ——
Vpv — Vf

(11)

According to Equation 11, Figure 4 shows the schematic
diagram illustrating the computational method of dP,,./dv,,.
In Figure 4, the limit of dP,./dv, is equal to y (voc_;).
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3.2 Improved droop control

To distribute the local power to multiple PV systems, an
improved droop control strategy is proposed. It consists of two
control loops, namely, the inner-loop controller, which adopts the
dPPV/dVpv control strategy, and the outer-loop controller, which
adopts droop control with adaptive droop coefficients.

Figure 5 shows the schematic diagram of the improved droop
control strategy for the PV system.

Here, [dP,,/dvpyler is the input reference of the inner-loop
controller, and it is expressed as

dp, ] dp,
vaV ref - dVPV

- m(Vdc - Vdcfref)) (12)

where (dPyy/dvyy)* is the reference value of dPp/dvyy. If (dPpy/dvpy)*
is equal to 0, the proposed control system of the PV is equivalent to
MPPT for the maximum utilization of solar energy, and m is the droop
coefficient. vy rr is the reference value of DC bus voltage.

As shown in Figure 5, if the difference between the real-time v,
and vqc_reris smaller than the dead band, [dPyy/dvpylreris 0. If Ppoqq is
smaller than P,,—P., v4. decreases; thus, vac-Vac_ref is negative, which
leads to [dP,,/dvyy]ef being negative. Hence, the control system of
the PV is equivalent to the DC bus voltage support strategy.

Because of line impedance, power allocation among all PV
systems can have errors when using the traditional droop
control. To achieve accurate power allocation, a controller with a
consensus algorithm in the second layer is necessary. Using the
simplified and linear model affects the accuracy of the control
system, but power allocation in the first layer is implemented.

3.3 Multiple operating modes of PV

In grid-connected mode, the DC bus voltage is adjusted using
the grid-connected converter, and the DC/DC converter adopts
MPPT. Thus, (dPy,/dv,,)* is set to 0.

In isolating mode, the comparison expressions between the local
load power Py g4, Ppy» the charging power of energy storage devices
P, and the discharging power of energy storage devices Pp, are
presented as follows:

Once Proad < Ppy—Pe, Pyy is excessive. Thus, to obtain a steady
DC bus voltage, Py, should decrease, and dP,,,/dv,y is controlled to
be negative.

Once Pyy—P. < Pp4aq < Ppy + Pp, the DC bus voltage is supported
by energy storage devices, dP,,/dv,, is controlled to be 0 so that
MPPT is adopted.

Once Ppgaq > Ppy + Pp, dPyy/dv,, is controlled to be 0 so that
MPPT is adopted. If the DC bus voltage continues to decrease, the
fractional local load should be cut off to obtain a steady and limited
DC bus voltage.

3.4 Calculation method of the droop
coefficient

The output power of each PV system to support the local load is
dependent on the droop coefficients. To simplify the analysis and
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FIGURE 5
Improved control strategy of the PV system.

calculation, the relationship between Py, and dP,,/dv,, of each PV
system is simplified as a linear relation, which is expressed as

(4=)-
va_i
where P, ;is the maximum output power of the ith PV, v, ;is

the open-circuit output voltage of the ith PV, y (vo. ;) is dPp,/dv,,
when the ith PV is an open circuit. va_i is the output power of the

P max _i dP, pv—i

+Pmax_i) (13)
y(voc_x')

P
pv-i
dvpv_i

ith PV on the linear curve between Py, and dP,,/dvy,.
The control system should distribute local power to each PV
system as a rated ratio, which is expressed as

=)

Vi Pmax_i
Pl Z o (14)

Pmax_j

)

pv-j

By applying MPPT and according to Equations 12, 13, with
dP,,/dv,, = 0, Equation 14 can be expressed as

P f( b t>/f< - > i A + Prgc
- T Pmax >
PPV j dev i pv j ¥ (oc_ j) mi - AV+Pmax,j

(15)

where Av is expressed as

Av = Vdc_ref — Vdc- (16)

According to Equations 15, 16, the droop coefficient of each PV
system is expressed as

Frontiers in Energy Research

m; = y (Voc_i) , (17)

Vdc_max — Vdc_ref

where m; is the droop coefficient of the ith PV and ugc_may is the
upper limit value of DC bus voltage.

4 Parameters of the control system
4.1 Proposed control system

Figure 6 shows the whole control system. The inner-loop
controller of PV applies a proportional-integral (PI) controller,
while the outer-loop controller employs the droop control
strategy. And m in Figure 6 is calculated by Equation 17.

4.2 Parameter design method

Figure 7 shows the small-signal model of the inner-loop controller.
Here, vav
expressed as Equation 18, and it is obtained by the linear small-

4(s) is the transfer function of Ad to Av,,, and K,,, is

signal model of the PV system, which is expressed as

Aipv Np ) Isc,n }3"'
Ay~ gy e (18)
VPV eavt .a- Ns -V

=

The small-signal model of the Buck converter is expressed as
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where T)(s) is the transfer function of the PI controller shown in
Figure 6, and it is expressed as
(dar, 1dav,,) 2 PI ad A,
ref G , (S) P
X controller & KII
- Ti(s)=Kp + - (25)
2Ky, where Kp; and Kj; are the proportional and integral coefficients

FIGURE 7
Small-signal model of the inner-loop controller.

dAi
Ld—tll = vy xAd +d xAvy, — Avg, (19)
dAvq. Avae
C d:d = Al —%, (20)
dAv,,
Cp d:" = Kpy XAvpy —d - Aip— I - Ad, 1)

where L is the inductance of the Buck converter, d is the duty
cycle of IGBT in the Buck converter, C is the output capacitor in the
Buck converter, R is the equivalent load impedance, C,,, is the output
capacitor of the photovoltaic array, and Ad is the variation in the
duty cycle.

According to Equation 5, the small-signal model of the
photovoltaic array is expressed as

dAP,,
dAvy,

= Aip, + KpAvpy = 2Ky Avp,. (22)

According to Equations 19-21, the transfer function between Ad
and Av,, is achieved by Laplace transform, which is expressed as

IIXLxs+DXvy
Coo X Lx 2 =Kpy x Lx s+d*

Avy, B

vavd (S) = Ad -

(23)

According to Equations 22, 23, the transfer function between
Avyy and (dPpy/dvpy)rer is expressed as

Ava vavd (S) X Tl (S)

Gy (s) = = , 24
() 4Py Gupva (8) X Ty (8) X 2 X Kpy + 1 @4
4V ref
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of the inner-loop controller, respectively.

In this paper, the phase margin of the inner-loop controller is set
to 76°, and the bandwidth of the inner-loop controller is set to
580 Hz. And according to the tranfer function expressed by
Equations 24, 25 is expressed as

0.1
T, (s) = 0.001 + -~ (26)

5 Analysis of the results
5.1 Parameters of the simulation model

To verify the proposed control strategy, a simulation model is built.
The parameters of the distributed PV system are shown in Table 1. The
output capacitance of each PV system is 2,000 pF, the equivalent
impedance of the transmission line is 0.002 (), the equivalent
inductance of the transmission line is 0.2 mH, the output capacitance
of the DC/DC converter is 10,000 pF, the rated DC bus voltage is 550 V,
and the maximum charging and discharging powers are both 280 kW.

5.2 Influence of load in island mode

To verify the DC bus voltage support capability of the proposed
control strategy, the DC bus voltage support capability of energy
storage devices is neglected. The local load is set to 706 kW in the
first stage, and the load impedance is 0.46 Q. The local load is set to
899 kW in the second stage, and the load impedance is 0.35 Q. The
local load is set to 1,038 kW in the third stage, and the load
impedance is 0.24 Q.
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TABLE 1 Parameters of distributed PV systems.

Parameter PV1 PV2 PV3
a 1.428 1.643 1.820
Short-circuit current 82 A 83 A 54 A
Open-circuit voltage 329V 363V 442V
Serial number of electricity generation units 54 60 72
Serial number of photovoltaic arrays 30 25 22
Parallel number of photovoltaic arrays 84 55 66
Rated output power 504 kW = 302 kW = 251 kW
Droop coefficient 150 120 75
Kp; 0.001 0.001 0.001
Kiy 0.1 0.1 0.1
Phase margin of the dP,,/dv,, regulator 76° 76° 76°
Bandwidth of the dP,/dv,, regulator 580 Hz 580 Hz 580 Hz
Switching frequency of IGBT 10 kHz 10 kHz 10 kHz

Figure 8 shows the response to a step change in load: a) DC bus
voltage waveform, b) output power waveform of each PV system,
and c) output voltage waveform of each PV system.

As shown in Figure 8, in the first and second stages, the local
power is less than the maximum output power of PV, so PV applies
the DC bus support strategy. Moreover, since dP,,,/dv,, is controlled
to be negative, the output voltage of the photovoltaic array is
relatively high. In the third stage, the local load power is more
than the maximum output power of PV, so PV applies MPPT, and
the DC bus voltage is maintained at 500 V.

In addition, the droop coefficients of each distributed PV system
are designed as the rated output power ratio, so the output power of
each distributed PV is always 1.67:1:0.83.

5.3 Influence of irradiance in island mode

The local load is set as a constant and equal to 0.6 Q. In the first
stage, irradiance is set to 600 W/m®. In the second stage, irradiance is
set to 800 W/m®. In the third stage, irradiance is set to 1,000 W/m?’.
Figure 9 shows the response to a step change in irradiance: a) DC bus
voltage waveform, b) output voltage waveform of each PV, and ¢)
output power waveform of each PV.

As shown in Figure 9, the local load power is smaller than the
maximum output power of PV, so the control strategy of PV
becomes equivalent to the DC bus voltage support strategy to
maintain a steady DC bus voltage.

Since PV operates in region II, dP,,/dv,, is negative. Thus, the
output voltage increases as the output power decreases.

5.4 Performance of the improved
control strategy

The initial state-of-charge of energy storage is set to 20% to
consider the influence of the energy storage system. Furthermore,
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Operation performance of the PV system under different loads.
(A) DC bus voltage of the waveform, (B) output power of the PV
waveform, and (C) output voltage of the PV waveform.

the local load power is set to 605 kW in the first stage, it is set to
316 kW in the second stage, and it is reset to 605 kW in the
third stage.

By the proposed control strategy, in the first and third stages, the
local load power and the charging power of the energy storage device
are more than the maximum output power of the PV, so the inner-
loop controller adjusts dPp,/dv,, to be 0, which is equivalent to
MPPT. In the second stage, the local load power and the charging
power of the energy storage device are less than the maximum
output power of the PV, so the inner-loop controller adjusts dPy,/
dv,y to be a negative value, which is equivalent to the DC bus voltage
support strategy.
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Operation performance of the PV system under different

irradiance values. (A) DC bus voltage of the waveform, (B) output
power of the PV waveform, and (C) output voltage of the
PV waveform.

By the traditional control strategy, in the first and third
stages, the inner-loop controller applies MPPT, and in the
second stage, the inner-loop controller applies the DC bus
voltage support strategy.

Hence, the proposed control strategy adjusts dP,,/dv,, to obtain
a different control objective, while the traditional control strategy
switches the control system to obtain a different control objective.

Figure 10 shows the DC bus voltage waveform using the
proposed and traditional control strategies.
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Figure 10 shows that both the improved and traditional
control strategies can maintain the stability of DC bus voltage.
In addition, for both control strategies, the ripples of DC bus
voltage satisfy PV system requirements. With the proposed
control strategy, the ripple of DC bus voltage is relatively
small, thereby decreasing the influence of switching the
control system on the PV system.

6 Conclusion

An improved droop control strategy for distributed PV
systems is proposed; the inner-loop controller adjusts dP,,/
dvpy, and the outer-loop controller applies droop control with
adaptive droop coefficients to allocate local power scientifically to
each distributed PV system. Using the proposed inner-loop
controller, the PV system can achieve the maximum output
power and provide DC bus support without changing the
control configurations.

The proposed inner-loop controller can suppress the DC bus
voltage oscillation. In the inner-loop controller, if dP,./dvy, is
regulated to be 0, the inner-loop controller is equivalent to
MPPT. If dP,,/dv,, is regulated to be a negative value, the inner-
loop controller is equivalent to the DC bus voltage support strategy.
Using the proposed droop control strategy, both the maximum
available output power of distributed PV systems and the steady DC
bus voltage can be obtained.
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