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Szymon CY GAN*
Mirostaw LUKOWICZ*

PQ CONTROL OF PHOTOVOLTAIC POWER STATION
IN MICROGRID OPERATION

The numerical modelling of the photovoltaic module and the solar inverter interconnected with the mi-
crogrid has been carried out with the use of PowerSys in Matlab/Simulink. Algorithms of P, Q controllers
have been proposed. The capability of the active and reactive power reference tracking has been
tested for various conditions.

1. INTRODUCTION

The contribution of distributed generation in the power system is still rising. So-
lar power plants become more popular each year and their presence sets new chal-
lenges for power systems. Electrical low and medium voltage grids are of radial
topology and no power flow from the low to medium voltage level was anticipated
in their design. New distributed generation needs the control mode allowing for co-
operation with commercial electrical grid. As PV solar panels are DC sources they
are connected to grid by inverters which, to generate power of specific parameters,
need to be controlled.

Microgrid generators can basically operate in two modes, either connected to a com-
mercial network or in islanding mode [1]. Islanding mode is not subject of this paper.
In the network mode the solar inverter can be controlled in the Vf or PQ mode [2, 5].
The PQ mode ensures greater flexibility in satisfying electrical system requirements
and is taken into account in this paper.

* Wroctaw University of Science and Technology, Department of Electrical Power Engineering,
Wybrzeze Wyspianskiego 27, 50-370 Wroctaw, Poland, e-mail: Szymon.Cygan@pwr.edu.pl;
miroslaw.lukowicz@pwr.edu.pl
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The complexity of photovoltaic cell V-I characteristics call for using special control
algorithms in the PQ mode. Output power of photovoltaic cell depends on two dominant
quantities namely the light illuminance and the environment temperature. Photovoltaic
model described in [4, 6] is proposed as a circuit consisting of a diode, two resistances,
and direct current source linearly dependent on the light density. The relation between
output voltage and current presented as V-I characteristic is specific for each cell type. It
is a monotonically decreasing function, however, almost constant for low voltages.
It means that forced increase of one quantity causes decrease of the second. Maximal
power point (MPP) is a point on V-I characteristics at which the system generates
maximum power [7]. When MPP cannot be achieved by any reason the property of
a monotonic decrease may lead to instability.

The PQ controllers design for inverters operating with photovoltaic modules is a com-
promise between requirements set by the power system state, the maximal power point
tracking, the power system stability provision and an acceptable settling time. Solu-
tions proposed in this paper were tested on the numerical model of a microgrid with
local loads which well corresponds to real microgrids.

2. INVERTER CONTROL

The inverter is a device that converts DC voltage into AC voltage with specified
parameters. In can be modeled as a function £ R* >C[R].

fW,U,,¢)=Usin2n ft + @) M

where U is the output voltage magnitude, ¢ is the voltage phase, fis the nominal fre-
quency.

Voltage magnitude U cannot exceed voltage provided by photovoltaic cells, so that
U < U,. The voltage magnitude and phase (U, ¢) influence the active and reactive
power generation. The PQ control consists in setting the active and reactive power
reference values and modulating the phase and magnitude of the inverter output
voltage to keep the generated power as close to the preset values as possible.

The active and reactive power flow in a power system depends on parameters of
powers system quantities and system topology. Controllers investigated in this re-
search were constructed in such a way that voltage phase ¢ was dependent only on
the active power generation demand. The output voltage magnitude U depended
only on the reactive power flow Q. Assumption that neither ¢ is influenced by reac-
tive power nor U is influenced by the active power allowed to simplify the mathe-
matical model of the inverter. However, this type of controllers may be unable to
keep stability in some critical conditions. The diagram of the control system of the
inverter is shown in Fig. 1.
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Fig. 1. Model of inverter with PQ controllers
PQ controllers are integrating elements modelled as follows
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where £ is the inverse Laplace transform, F,, is a saturation function of the upper and
lower limit of m and —m, respectively. Phase and amplitude change rates are also lim-
ited to prevent stability loosing during power flow fluctuations

9

—g,s 280 <4, Ga)
oU

U, < at(t)sUd (3b)

Constants a, b, ¢, d, ¢, U, were obtained empirically to fulfill the compromise
between stability loosing and a settling time.

3. MODEL DESCRIPTION

The diagram of the modeled network is shown in Fig. 2. Its arrangement allows the
study of the photovoltaic module operation to be carried out under various network
configuration at different loads.
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Fig. 2. Diagram of modeled section of power network

The photovoltaic power farm is connected to the network on the low voltage
level 400 V at node K. Loads modelling local power demand are supplied at nodes K,
and K; from the overhead power line PL;. Nodes K, K; are interconnected with cable
line PL,. Since MV grid is not the subject of the study it has been modeled as a volt-
age source of fixed short circuit capacity. Simulations were performed for following
parameters:

— Photovoltaic 11 kW power station composed of 192 Solarex MSX60 modules

grouped in 8 rows of 24 modules each.

— Cable line L; 4 x 95 XLPE of 200 m length, the per unit length resistance and

reactance of 0.32 Q/km and 0.082 Q/km, respectively.

— Opverhead line L; AL 70 of 300 m length, the per unit length resistance and re-

actance of 0.44 Q/km and 0.31 Q/km, respectively.

— Electric power system of 100 MVA short circuit capacity.

4. SIMULATION RESULTS

Results presented in this section concern the transients in the photovoltaic power
station which can result from switching operations, changes of reference quantity val-
ues in inverter controllers, load variations, or from changes of such quantities as tem-
perature or the illuminance dominantly influencing generating power of the photovol-
taic cell. The active power diagrams presented in Figs. 3—5 relate to single phase
power divided by V2 . This corresponds to 2.5 kW maximal power of one phase
inverter. However, the modelling was not carried out for this exact value owing to
mathematical restrictions of the model and exponential error rate of calculations per-
formed for currents close to the maximal current of the solar cell.

4.1. REFERENCE POWER CHANGE

The PQ control performance under reference power change has been investigated
in the system shown in Fig. 2 with switches S1-S3 permanently closed, so that no
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external limits for maximal generation existed in this configuration as excess of local
power could be exported to the power system. The references of active and reactive
power were functions of time as presented in Table 1.

Table 1. Active and reactive power reference values vs. time

1[s] Prer [kW] Orer [kVar]
0.0-0.1 0.0 0.0
0.1-0.6 0.8 0.5
0.6-1.2 1.5 0.0
1.2-1.8 2.0 0.0
1.8-2.2 2.5 0.0

Diagrams of active and reactive power in time domain in node K; are shown in
Fig. 3. Both controllers are activated at # = 0.1 s. They cannot be active from the be-
ginning due to some model restrictions. One can observe that before the activation of
the controllers, the active and reactive power flow were equal to 700 W and 1.1 kVar,
respectively. This values are determined by local loads L;, L, and are independent of
the voltage phase. The activation of controllers initiates strong power oscillations
which can be observed also at = 0.6 s. These oscillations are due to the fast Q control
after the step change of reactive power reference. However, application of the fast Q
controller almost negated overshoot after the active power reference change in instants
t=1.2sand ¢=1.8s. One should be conscious that the overshoots of the active power
are extremely dangerous when the system works close to the maximum power of solar
cells what may lead to the stability loss.

The aforementioned oscillations can be eliminated by forcing ramp active loading
instead of the step change. The relevant simulation results are shown in Fig. 4 where
Q reference signal Qg is ramped from 1 kvar at 0.1 s to 0 kvar at 0.6 s. It can be ob-
served that varying Oger extended the settling time for the active power generated. In
the first case active power oscillations vanished after 300 ms. In the second case P
could not be equal to Pg.r until reactive power reference value became constant.

4.2. NETWORK TOPOLOGY CHANGE

Generation control studies presented in Fig. 5 allows to verify capability of the
controller for keeping reference power generated after the change of the local load.
Active and reactive power shown in Fig. 5 are for switch S, closing at # = 1.5 s and
opening at ¢ = 2.5 s. Closing S; increases total power demand and solar cells current.
In accordance with U-I cell characteristic of solar cells output voltage decreases rapidly,
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Fig. 3. Active (top) and reactive (bottom) power generation
responses to step changes of the active power reference.
Dashed lines are for reference signals

so that generated active power is lower. P controller changes voltage phase, reduces
current and restores power flow to the reference value. Opening S; decreases
load, and so the solar cell current. Load L, is R-L type therefore the switch opening
results in negative Q power flow. Fast Q type control increases voltage rapidly forcing
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the increase of active power flow up to maximal available value, until voltage U
reaches final value at = 2.9 s. Then P controller forces active power falling below the
reference value. After 2.9 s the control is performed in the same way as for switch
opening.
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Fig. 4. Active (top) and reactive (bottom) power generation
response to ramp changing of reactive power reference.
Dashed lines are for reference signals



58 S. CYGAN, M. LUukowiCcz

1 15 2 25 3 35 4
Time [s]
0.4 T T T
0.3
0.2 i
0.1
T —
Z o0
o
0.1F -
02 -
-0.3 T
-0.4 : ; ; :
| 1.5 2 25 3 7 4
Time [s]

Fig. 5. Active (top) and reactive (bottom) power generation responses after S, on—off switching.
Dashed lines are for reference signals

5. CONCLUSION

Results of PV generation control studies carried out for various grid operation
modes have been presented. The goal of the research was to analyze ability of pro-
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posed P and Q controllers to stability keeping after the reference power or topology
change.

It can be observed that difference between reference and real power values in steady
state are dependent on the reference power value. When Pger was less than 1.5 kW
then the steady state real power and the reference power were almost equal. After Pger
was set to 2.4 kW, the steady state difference was more than 50 W what is due to the
mathematical model specification. Photovoltaic current cannot exceed maximal cell
current, even during overshoot period. Lacking 50 W was used to ensure overshoot.
Excluding aforementioned problem, proposed P and Q controllers satisfy basic de-
mands, i.e. stability is ensured with the acceptable settling time.

Depending on the user demands modified controllers can be proposed. When a set-
tling time requirements are not so strict the ramp change of the reference signals can
be applied with the change rate dependent on the required settling time. However, this
modification can be related only to the reference value change mode.

REFERENCES

[1] HAJIMIRAGHA A., Generation Control in Small Isolated Power Systems, Master’s Thesis, Royal
Institute of Technology, Department of Electrical Engineering, Stockholm 2005.

[2] ADHIKARI S., LI F., Coordinated Vf and PQ control of solar photovoltaic generators with MPPT
and battery storage in micro grids, IEEE Transactions on Smart Grid, 2014.

[3] MILOSEVIC M., ANDERSSON G., Generation control in small isolated power systems, Proceedings
of the 37th Annual North American Power Symposium, 2005.

[4] MAHMOUD Y., EL-SAADANY E.F., 4 Photovoltaic Model With Reduced Computational Time,
IEEE transactions on industrial electronics, Vol. 62, No. 6, June 2015.

[5] HAJILU N., GHAREHPETIAN G.B., HOSSEINIAN S.H., POURSISTANI M.R., Power Control
Strategy in Islanded Microgrids Based on VI and PQ Theory Using Droop Control of Inverters, Inter-
national Congress on Electric Industry Automation (ICEIA), Shiraz University, Iran, 2015.

[6] GRAMA A., DAN M., LAZAR E., Photovoltaic Panel Model Using Matlab, 39th International
Spring Seminar on Electronics Technology (ISSE), Applied Electronics Department Technical Uni-
versity of Cluj-Napoca, Cluj-Napoca, Romania, 2016.

[7] GARG R., SINGH A., GUPTA S., PV Cell Models and Dynamic Simulation of MPPT Trackers in
MATLAB, International Conference on Computing for Sustainable Global Development (INDIACom),
Electrical Engineering Department, Delhi Technology University, Delhi, India, 2014.



