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Robust VF and PQ Control of a Photovoltaic System Connected 
to Grid with Battery Storage Management  

 
 

Abstract. This paper presents an advanced control of photovoltaic system with battery storage system and shows the coordination of the studied 
system in order to enhance solar energy utilization.  This study proposes an approach of coordinated and integrated control of solar PV generators 
with battery storage control in order to maintain active and reactive power (P-Q) control and to provide voltage and frequency (V-f) support to the grid 
instead of a high load addition. The description of the studied system is based on a battery energy storage system based (lithium-ion technology), a 
DC-DC bidirectional power converter in order to connect the battery to the DC bus, DC-DC converter, voltage source inverter and finally the load and 
the micro-grid. Consequently, the main contribution of the proposed control methods lies in the coordination between the different controls methods 
proposed: battery control at the PV side and V-f/P-Q control algorithm at the inverter side. A simulation using the Matlab/Simulink software has been 
performed, to confirm that the proposed control model is able to provide voltage and frequency support to the grid and to maintain active and 
reactive power control instead of a high load addition. 
 
Streszczenie. Niniejszy artykuł przedstawia zaawansowaną kontrolę systemu fotowoltaicznego z systemem baterii i pokazuje koordynację 
badanego systemu w celu zwiększenia wykorzystania energii słonecznej. W opracowaniu zaproponowano podejście polegające na 
skoordynowanym i zintegrowanym sterowaniu generatorami fotowoltaicznymi z kontrolą akumulatorów w celu utrzymania kontroli mocy czynnej i 
biernej (P-Q) oraz zapewnienia wsparcia napięcia i częstotliwości (V-f) dla sieci zamiast dodawania wysokiego obciążenia. Opis oparty jest na 
systemie akumulacji energii akumulatora (technologia litowo-jonowa), dwukierunkowym konwerterze mocy DC-DC w celu podłączenia akumulatora 
do szyny DC, przetwornicy DC-DC, falownika źródła napięcia i wreszcie obciążenie. W związku z tym główny wkład proponowanych metod 
sterowania polega na koordynacji różnych proponowanych metod sterowania: kontrolą baterii po stronie PV i algorytm sterowania V-f / P-Q po 
stronie falownika. Przeprowadzono symulację za pomocą oprogramowania Matlab / Simulink, aby potwierdzić, że proponowany model sterowania 
jest w stanie zapewnić wsparcie napięcia i częstotliwości dla sieci oraz utrzymać kontrolę mocy czynnej i biernej zamiast dodatku o wysokim 
obciążeniu. (Solidne sterowanie VF i PQ systemu fotowoltaicznego podłączonego do sieci z zarządzaniem akumulatorami). 
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I. Introduction 
Nowadays, the development of power electronics has 

resulted in more powerful and more responsive power 
converters, which make it possible to control complex 
distributed generators and various functions of the energy 
storage management system [1]–[3]. However, integrating 
renewable energy production into existing electricity 
network generates serious problems, such as the variability 
and intermittency of the resources that influence the stability 
of the grid, moreover, it creates also a difference between 
electricity demand and renewable energy sources 
production, to avoid such a problem and to take full 
advantage of renewable energies, storage technologies are 
increasingly discussed as one of the main means to ensure 
the security of electricity supply in the future. For this 
reason Battery Energy Storage System (BESS) are one of 
the necessary solutions for integrating renewable energy 
production into existing electricity network [4]. To harness 
the BESS technology, an operation and control of the 
inverter interface of renewable energy should be provided 
and it’s a real challenge, especially when it comes to 
maintaining both micro grid voltage and frequency within an 
acceptable range. 

This paper presents a control of photovoltaic system 
with the maximum power tracking and the battery storage 
control in order to provide voltage and frequency support to 
the grid and to maintain active and reactive power control 
instead of high load addition. However, there are not many 
research has been done on V-f and P-Q control using solar 
PV including battery storage. For example in [5], frequency 
regulation with PV in micro grid is studied; however, this 
work does not consider the voltage control objective and 
lacks battery storage in the micro grid, as well as in [6], the 
proposed model doesn’t consider the addition of high load, 
also in [7], frequency control is implemented in micro grid 
PV and storage; however, this work also lacks the 
consideration of a voltage control objective. This study 
proposes an approach of coordinated and integrated control 
of solar PV generators with battery storage system in order 

to maintain active and reactive power (P-Q) control and to 
provide voltage and frequency (V-f) support to the grid, for 
this reason detailed models of PV, battery, converter and 
inverter are developed and the proposed structure consists 
of two-conversion system: a DC-DC boost converter and a 
voltage source inverter. The DC-DC boost converter boosts 
the actual voltage at the maximum power point to a 
constant value which equal to VDC = 500V, moreover, this 
converter is controlled by the maximum power point 
tracking (MPPT) algorithm based on the Perturb and 
Observe technique (P&O) [8]–[10]. In order to connect the 
PV panel and the DC-DC converter to the grid we need a 
voltage source inverter [11], [12], and finally the system is 
connected to grid.  

The utility grid serves as the main source when the 
power generated by photovoltaic panel as well as the 
battery power is not available or as a complementary 
source in the case when the power generated by both 
systems is not sufficient to satisfy the load. The major 
contribution of the proposed control methods lies in the 
coordination between the different controls methods 
proposed: battery control at the PV side and V-f / P-Q 
control algorithm at the inverter side. These control 
algorithms are suitably connected to the DC and AC sides 
of the inverter, so that the DC side voltage is controlled 
indirectly to the desired value in order to maintain the AC 
side voltage at the desired voltage. In addition, the 
proposed control methods have the ability to manage the 
state of charge (SOC) constraints and specially to provide 
voltage and frequency (V-f) support to the grid instead of 
load addition and this is the main idea that we develop in 
the rest of this study. 

The rest of this paper is organized as follows: Section 3 
presents a description on the studied system. Section 4; 
develop the overall control schemes for both battery 
integrated V-f and P-Q control. Then, the obtained results 
using Matlab/Simulink are presented in Section 5. Finally, 
conclusion is giving in Section 6. 
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II. Notation 
   The notation used throughout the paper is stated below: 
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III. PV system configuration 
Figure 1 shows the topology of the modelled system 

with PV operating at Maximum Power Point (MPP). Where 
the DC-DC boost converter is used for MPPT control, 
battery storage system is connected in parallel to the PV to 
inject and absorb power through a bidirectional DC-DC 
converter and at least the PV system is connected to the 
grid by means of DC-AC converter [13]–[15]. 

 
 

Fig. 1. Topology of the modelled system 
 

III.1. PV Panel 
A single diode model with both series and parallel 

resistors models the PV array; the equivalent circuit is 
giving by the following figure [16]: 

The PV circuit model is based on the following equation 
[17]: 
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where: pvI  - photoelectric current 9A); oI  - diode 

saturation current (A); tV  - junction thermal voltage 
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; q  - electron charge 19 1.602 10 C   ; k - 

Boltzman constant 221.38 10 /J K   ; T – cell 

temperature 9K); V – thermal voltage 9V); sR  - cell series 

resistance   ; pR   - cell shunt resistance   ; A – 

diode ideality factor. 
 

 
 
Fig. 2. Single diode model of the PV 

 

The principal specifications for this model are given in 
Table I (Appendix). 

The PV panel used in this study consists of 66 strings of 
5series-connected modules connected in parallel, which 
creates a photovoltaic plant with nominal output power of 
100.7 kW and voltage of 273.5 V at the maximum power 
point [18]. 

 
III.2. Battery Energy Storage System (BESS) 

Battery is a group of electrochemical cells which convert 
chemical energy into electrical energy [19], [20]. The BESS 
used in this study consists of lithium-ion batteries connected 
to bidirectional DC-DC converter. Typical discharge 
characteristic is shown in Figure 3, the battery nominal 
voltage and discharge current is 260V, 260A. A nominal 
output power of 67.7kW is obtained by these values; the 
rated capacity is 3000 Ah. 

 

 
Fig. 3. Nominal current discharge characteristic at 0.087 C 

 
The BESS is connected to bidirectional DC-DC 

converter that allows the current to flow in both directions. 
The bidirectional converter charges or discharges the 
battery according to the power request. The required power 
is obtained by the following equation that describes the 
active power balance between the production and the 
consumption side: 

 (2)                             pv batt loadP P P P                 

 
where: Pbatt - the required power from the battery; Ppv -  the 
power generated by the photovoltaic panel; ∆P - power 
losses. 

This equation result is fed to bidirectional DC-DC 
converter as a required power command. 
IV. Battery integrated V-F and P-Q control  

Figure 4 shows the PV system configuration for V-f and 
P-Q control, it contains a battery system which is connected 
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in parallel to the PV system in order to inject or absorb 
power through a bidirectional DC-DC converter. 

When the battery is injecting power to the grid, the 
converter operates in the boost mode and when the battery 
is absorbing power, it operates in the buck mode. The 
operation mode is controlled through the control signal 
provided to the converter switches. 

The PV system is connected to the grid through a 
coupling inductor Lc. The coupling inductor filters out the 
ripples in the PV output current. The connection point is 
called the point of common coupling (PCC) and the PCC 
voltage is denoted as vt(t).  The PV source is connected to 
the DC link of the inverter with a capacitor Cdc.  According to 
the instantaneous power definition, vt(t) and vc(t) are 
respectively the instantaneous PCC voltage and the inverter 
output voltage, then the average power of the PV denoted 
as P(t), the apparent power S(t) and the average reactive 
power Q(t) of the PV system are given below [21]: 
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Where α, is the phase angle of vc(t) relative to the PCC 
voltage, we suppose that this angle value is very small 

( sin  and cos 1  ), then  the two quantities P(t) 
and Q(t) can be approximated as shown  in equations (6) 
and (7):     
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  In order to provide voltage and frequency (V-f) support 
to the grid, two controls are needed: a battery integrated V-
F control and a battery integrated P-Q control which is the 
main purpose of the next paragraphs:

 

 
Fig. 4.  System configuration of V-f and P-Q control of PV generator with battery storage 
 

 
IV.1. Battery integrated V-F control 

The battery and the V-f control diagrams are shown in 
Figures 5 and 6, respectively. The control consists of two 
different loops; one for V-f control at the inverter side and 
another loop for battery power management. 

The control shown in Figure 5 describes the battery 
power control. The battery is connected in parallel with the 
PV system in order to supply or absorb active power and 
support the frequency control.  

If there is enough solar power and the active power 
required for frequency control is less than PV MPP, then the 
battery will be charged. If there is not enough solar power 
available and if the active power required for frequency 
control is more than PV MPP, then the battery will be 
discharged and supply the deficit power in order to maintain 
the micro grid frequency at 60 Hz (conventional frequency 
used in this study). 

 
Fig. 5. Battery power control diagram       
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The reference power to the battery Pbattref, is generated 
by subtracting the inverter active power injection Pinverter 
from the power generated by PV panel Ppv. The PI1 
controller receives the error signal obtained after 
subtracting the actual battery power Pbatt, from the battery 
reference Pbattref. Then we compare the obtained signal 
with a triangular waveform in order to generate the signal, 
δ*. This is similar to common Pulse Width Modulation 
(PWM) in inverter controls. KP1 and KI1 are the proportional 
and integral gains respectively. The equation for this control 
is given by (8):  

(8)  1 1

0

* ( ) ( )
t

P Battref Batt I Battref BattK P P K P P dt               

In order to differentiate the charging and discharging 
mode of the battery, we need to compare Ppv with 
Pinverter. If Ppv >= Pinverter, the battery is in charging mode, 
then, the signal obtained from the PWM, and the result of 
this comparison is passed through a logical AND to 
generate a switching signal which activates the Buck mode 
of the DC-DC converter. If Ppv < Pinverter the opposite of this 
signal is passed through a logical AND to generate a 
switching signal which activates the Boost mode of the DC-
DC converter.  

Consequently, with this control loop, the bidirectional 
converter is capable of operating in both directions and 
ensures the charging and discharging state of the battery. 

 

 
Fig. 6. V-f control diagram 

 
As shown in the control diagram presented in Figure 6 

(loop1), the PI2 controller is used for controlling voltage at 
AC side. The voltage vt(t) is measured and its rms value Vt 
is calculated, then, this rms value is compared to a voltage 
reference and the error is fed to the PI2 controller, 1 has 
been added to this control loop such that when there is no 
injection from the PV generator, the PV output voltage is 
exactly the same as the terminal voltage. 

 
According to Figure 6 (loop 2), another feedback PI 

controller is used for controlling the active output power at 
the inverter side. The measured value is compared with the 
referenced micro grid frequency and this error is fed to the 
PI controller PI3 that provides the phase shift contribution 
α*1 which shifts the voltage waveform in timescale such that 
the active power injected will be enough to maintain the 
frequency at 60Hz nominal value. 

 
There is another controller used in the same loop 2. This 

controller ensures a balance of the active power between 
the AC and DC sides of the inverter. The measured AC side 
active power PACmeasured is multiplied by a factor of 1.02 
(considering the efficiency of inverter as 98%) then it’s 
compared to DC side active power and the error is fed to 

PI4 to obtain the phase shift contribution from this loop α*2. 
The two phases shift contributions from DC and AC sides 
α*1 and α*2 are then averaged as giving by equation 9 to 
obtain the final phase shift α* which generates the voltage 
references signal vc* to control the inverter: 

(9)                              
 * *

1 2*

2

 



  

Therefore, by controlling the DC side voltage and taking 
into account the phase-shift contributions from the DC and 
AC side active power, it can be assured that the active 
power at the DC and AC sides is balanced. This, coupled 
with the voltage control loop, ensures that the DC side 
voltage is maintained at the desired value by the AC side 
voltage. 

 
IV.2. Battery integrated P-Q control 

 

 
Fig. 7. Integrated Solar PV MPPT and P-Q control diagram 

 
Figure 7 presents the proposed coordinated active and 

reactive power (P-Q) control integrated with PV systems 
and battery controls; it’s the same as the one described in 
the previous section (4.1).  

The first control loop (1) represents the reactive power 
control, the second one (loop 2) represents the active 
power control this loop also ensures the active power 
balance between the DC and AC sides of the inverter, and 
finally, the two phases shift obtained from this control loop 
are averaged such that the active power control at AC side 
and power balance objectives are taken into account. 

 
V. Simulation results and discussion 

The obtained simulations using Matlab/Simulink 
software are discussed in this section. The PV array 
delivers to the grid a maximum power of 100 kW at 1000 
W/m2 sun irradiance, the controller gains have been 
adjusted slightly in order to get the expected results. 

 
V.1. Test of V-F Control 

As is shown in Figure 8(a), when a high load is added to 
the studied system (60 Kvar), the PV array become unable 
to support the micro grid frequency, for this reason, it 
initially dips to a value of 58.9 Hz, similarly with the RMS 
value of output voltage, as it shown in figure 8(b), it initially 
dips to a value of 19,2 kV, which means that the studied 
system become unable to support the additional load,  
however, at 0.7 sec, the V-f control starts and then after 
some fluctuations it  regulates the frequency back to 60 Hz 
and the voltage to 20kV, which confirm that the proposed 
control provide voltage and frequency (V-f) support to the 
grid. 
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(a) 

                                              (b) 

 
(c) 

 
                         (d)                                     (e)                          

 
(f) 

Fig. 8. Results of coordinated V-f control with solar PV including 
battery control 

 
Figure 8(c) shows the battery state of charge (SOC), 

which shows that it gradually increases as the excess 
power is fed to charge the battery. 

Figure 8(d) shows the active power at the DC and AC 
sides of the inverter. It is clear that the DC active power is 
slightly higher than the AC side three-phase average power 
due to some power losses between the DC and AC sides 
(taken as 3% in the present study). This power balance 
coupled with the AC side voltage control maintains the DC 
side voltage to a stable value. 

Figure 8(e) shows the active and reactive power 
injection from the PV inverter that regulates the frequency 
and voltage of the micro grid. The active power injection 
from the inverter, which is required to maintain the 
frequency at 60 Hz, is around 80 kWh. However, there is a 
difference in the share of the PV generator and the battery 
energy storage while providing the required 80 kW to the 
micro grid. 

This is evident from figure 8(f), which shows the active 
power from the PV, the battery, and the inverter, 
respectively. The PV generates the maximum power of 100 
kW is more than is required to maintain the micro grid 
frequency. The surplus 20 kW is used to charge the battery. 
The negative sign in battery power means that it is a 
charging state (the battery absorbs power). 

Therefore, the effectiveness of the proposed 
coordinated V-f control algorithm in micro grids is clearly 
demonstrates from the presented results.  

 
 

V.2. Test of P-Q Control 
Figure 9(a) shows the plot of active power from the PV 

generator, the inverter injection, and the battery power. As 
shown in the 1st curve, the power from PV is maintained 
constant at the MPP power of 100 kW. The active power 
injection from the inverter is maintained at the reference 
values of 50 kW. These reference values are demanded by 
the critical loads. The generation from PV is more than the 
critical load by 50 kW. Thus, this surplus power is sent to 
charge battery which is shown in the 3th curve of Figure 
9(a). The negative sign of power from the battery shows 
that it is being charged.  

Therefore, the power injection from the inverter comes 
only from the solar PV generator. (If we suppose that the 
critical load is greater than the PV generation at MPP, and 
then the surplus power will be supplied by the battery, in 
this case, the injection comes from PV and battery). 
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(a)                                (b)       

                                                              

 
                       (c)                                                (d)         
 

Fig. 9. Results of coordinated P-Q control with solar PV including 
battery control 

 
Figure 9(b) shows the reference and actual active and 

reactive power of the PV inverter. The reference value of 
active power represents the critical loads of the micro grid 
as previously mentioned. The reference of the active power 
is 50 kW. Similarly, the reference of the reactive power is 20 
KVAR. The references are chosen to demonstrate both 
charging and discharging the process of the backup battery 
energy storage system. It can be observed from Figure 9(b) 
that the proposed coordinated controls are capable of 
serving the critical loads. 

Similarly, Figure 9(c) shows the active power measured 
at the DC and AC sides of the inverter. It is clear that the 
DC active power is slightly higher than the AC side three-
phase average power.  

Figure 9(d) shows the SOC of the battery. It is clear that 
the SOC increases as expected because of the charging 
scenario. It also validates the effectiveness of the battery 
control algorithm. 

Consequently, the effectiveness of the proposed 
coordinated P-Q control algorithm in micro grids is clearly 
demonstrates from the presented results.  

 
VI. Conclusion 

This paper presents coordinated strategies of V-f and P-
Q control of photovoltaic system connected to grid with the 
maximum power point tracking and the battery storage 
control in order to provide voltage and frequency support to 

the grid and to maintain active and reactive power control 
instead of a high load addition. After the modelling of the 
grid connected PV systems with V-f and P-Q control, the 
obtained results are very important and satisfactory. 

Simulations results show that when a high load is added 
to the studied system, the PV array become unable to 
support the micro grid frequency but the proposed control 
quickly regulates the frequency back to 60 Hz  and the 
voltage to 20 kV, moreover, the power balance coupled with 
the AC side voltage control maintains the DC side voltage 
to a stable value, hence, PV and battery installations might 
be applied effectively to restore the micro grid frequency 
after disturbances, likewise, the proposed coordinated P-Q 
control algorithm can be effectively used in supplying some 
critical loads of a micro grid with solar PV and battery 
storage  system. 

In the present methods, the control parameters are 
dependent upon the PV, battery, and external grid 
conditions and must be modified with the changing 
conditions. The adaptive control methods could be a very 
useful and promising future direction of this work. 

 
Appendix 
Table 1. Photovoltaic parameters  
        Temperature T 25 °C 
Open circuit voltage Voc 64.2 V 
Short circuit current Isc 5.96 A 
Voltage, maximum power Vmax 54.7 V 
Current, maximum power Imax 5.58 A 
Maximum power Pmax 305 W 
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