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Figure 1: Grid-connected PV system with a two-stage converter

2. Simplified model of a distribution feeder

The modelled PV system shown in Fig. 1 consists of component models of a PV
array, a DC-DC boost converter, a voltage source converter (VSC), an LCL filter,
and a model of a power distribution grid.

The active and reactive power controllers are designed without considering the
effects of the dynamic behaviour of loads and other inverter interfaced energy sources
connected to the grid. Hence a simplified model of a power distribution feeder is
considered in the design as shown in Fig. 2. The grid is modelled with an equivalent
Thevenin voltage source (of which the rms voltage at the terminal is Vj) that is
connected in series with a resistor, R, and a reactance, X,. The rms voltage at the
PCC of the PV system is V5. The reactance Xy represents the LCL filter of the PV
system. The PV system is considered to inject current I, to the grid resulting in
real power of P, and reactive power of (), delivered to the grid.

The reference impedance for low voltage public supply systems given in [16] for
electrical apparatus testing purposes is used to model the grid impedance. Hence the
grid impedance of the simplified model of the power distribution feeder is R, +j X, =
(0.4 + 70.25) Q. The R/X ratio of the considered grid is approximately 1.6. Hence
an opportunity exists to regulate the PCC voltage by dynamically regulating the
active and reactive power response of the PV system.

3. PCC voltage regulation with the dynamic reactive power controller -
(PCC Vg controller)

The closed-loop PCC voltage controller that dynamically controls the reactive
power response of the PV system (herein after referred to as the PCC V{, controller)
described in detail in [17] is summarised in this Section.
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Figure 2: Simplified model of a power distribution feeder.



3.1. Control plant model of the PCC Vg controller

The control plant model of the PCC Vg controller, Gy, (s) can be derived as
given in (1) [17]. The plant model is derived by applying a time discriminated
decoupling mechanism as suggested in [18] to decouple the PCC V{, controller from
the rest of the control system of the PV system. In (1), Ly = X,/w where w is the
nominal power frequency. AV, is the change in the peak value of the PCC voltage
Ve, due to Al change in the peak value of the reactive current absorbed by the

PV system.

AVgm(s) _
Gq(s) = ALo(s) —wly (1)

3.2. PCC Vg controller

The closed-loop system of the PCC Vj controller is shown in Fig. 3(a) where
Vem is the peak value of the PCC voltage Vg, and V, can be obtained through
the phase-locked-loop (PLL) of the PV system [19]. Vgmo is the peak value of the
reference voltage of the PCC. Qe is the reactive power reference. Iy.er is the peak
value of the reactive current reference of the closed-loop current controller, G..(s)
is described in detail in [19]. I, is the peak value of the reactive current output of
the PV system and Gy, (s) is the plant model of the PCC V{; controller.

An integrator with a gain is a suitable compensator for the PCC V{ controller.
Further, the gain of the integrator, k,q, as shown in Fig. 3(a), can be determined
to achieve the steady-state of the PCC Vg controller within a suitable time delay
using the reference grid impedance as mentioned in Section 2, assuming G..(s) = 1
[17]. In this case, 1 s was chosen as the settling time.

Simulation results obtained by integrating the PCC V{, controller with the sim-
ulation model of the PV system in [19] are shown in Fig. 3(b). In this simulation
study, the PCC voltage was controlled only by the PCC Vj controller by absorb-
ing reactive power from the grid. Active power injection of the PV system is not
impacted by the operation of PCC Vg controller since active and reactive power
controllers are decoupled. The graphs in the figure illustrate the dynamic perfor-
mance of the PCC Vj controller under an external disturbance; a step change in
the network voltage, represented by V, in Fig. 2. In the simulation model, Vgmo
was set as v/2U . and the PCC Vo controller was configured to activate only when
Vem > Vemo. At time ¢ = 1 s, a step change in the network voltage was applied.
The applied network voltage change has caused the PCC voltage to rise above the
reference voltage. Hence, the PCC V, controller was activated and the controller
was able to regulate the PCC voltage at the reference level set within 1 s.

4. PCC voltage regulation with the dynamic active power controller -
(PCC Vp controller)

The detailed design procedure of the closed-loop PCC voltage controller that dy-
namically controls the active power response of a grid-connected PV system (herein
after referred to as the PCC Vp controller) is explained in this Section.
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(a) Control block diagram of the PCC Vg controller.

256
— 254
2
& 252
]
=
S 250k
24 I I I I I
05 1 L5 2 25 3 35
(@)
z 05
=
&
3l
s
Q
=7
[
=
g
g | | |
= oS I 15 2 25 3 35
(i)
Time (s)

(b) Dynamic performance of the PCC Vg controller
following a disturbance; (i) rms voltage of the PCC
(Vg) and (ii) reactive power absorbed from the grid
(Qg) by the PV system.

Figure 3: Block diagram and performance of the PCC V5 controller

4.1. Decoupling of the PCC Vp controller

In the grid-connected PV system shown in Fig. 2, the amount of active power
injected is determined by the response of the controller of the DC-DC boost con-
verter. The reference to the controller of the DC-DC boost converter is provided by
a maximum power point tracking (MPPT) algorithm. In the PV system, the active
power flow is controlled by the DC-link voltage controller and the current controller.
The accurate command tracking of the control system of the PV system and also
decoupling of control systems (as suggested in [18]) where applicable are realised
by properly selecting the response time of the controllers [17], [19]. Similarly, the
response time of the PCC Vp controller is discriminated in order to decouple the
controller from the rest of the control system that is associated in active power
transfer of the PV system.

4.2. Control plant model of the PCC Vp controller

The control plant model of the PCC Vp controller is derived based on the sim-
plified model of the power distribution feeder shown in Fig. 2. Further, since the
PCC Vp controller is designed to have a long response time compared to that of the
current controller of the PV system, steady-state operation of the network shown in
Fig. 2 is considered while deriving the control plant model.
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Figure 4: Control block diagram of the PCC Vp controller.

If KVL is applied to the circuit in Fig. 2, (2) can be derived.
‘_/:% - Vs = (Rg +ng)—f:‘; (2)

A small change in the peak value of the active current injected to the grid by the
PV system, Al,, is considered. The change in the peak value of V, because of the
voltage drop j X Al,, can be assumed negligible since Vg, >> | X Algy| (Vm is the
peak value of V). Hence, the phase angle deviation between V, and V; because of the
small change in the active current injected to the grid can be disregarded. Therefore,
for a small change in active current injected to the grid by the PV system, (3) can
be derived from (2). In (3), AV, is the change in the peak value of V, because of
Algy,.

AVgm = RgAly, (3)

The control plant model of the PCC Vp controller can be obtained as given in
(4) by applying the Laplace transformation to (3).

AV (s)

Gvgp(8> - Algy(s)

~ Ry (4)

4.3. PCC Vp controller

The proposed closed-loop PCC Vp controller is shown in Fig. 4. This controller
regulates the PCC voltage by controlling the active power injected by the PV system
in situations where Vg > Vgmo. In such a situation, the operating point of the
PV system deviates from the maximum power point (MPP) and the PV system is
operated at a lower power level. Therefore, when the PCC Vp controller is enabled,
MPP tracking is not needed. Hence the MPPT tracking algorithm is configured
to deactivate upon the activation of the controller. In Fig. 4, V0 is the voltage
at the maximum power point (MPP) where the PV array was operating before the
PCC Vp controller commences regulating the PCC voltage. Gy, (s) is the control
plant model of PCC Vp controller.

In Fig. 4, Block B represents the mathematical relationship between the active
power injected to the grid by the PV system, P, and the operating voltage of the
PV array, V,,. The mathematical relationship can be derived by considering the
characteristic curves of the PV array. A typical terminal voltage and power charac-
teristic curve of a PV array is shown in Fig. 5 for a selected weather condition when
the solar irradiance level is 1200 W/m? and the ambient temperature is 30 °C. The
voltage at the MPP, V,,,0 = 290 V and the power available at the MPP, P, is
approximately 4.9 kW. The open circuit voltage of the PV array, V. is about 360 V.
Vv 1s an arbitrary voltage across the PV array at a given time and is controlled by
the DC-DC boost converter controller. P, is the amount of active power injected to
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