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1. INTRODUCTION

Renewable energy sources, especially photovoltaic powered systems, have been increasingly used
as alternative sources of energy to power small residential and medium commercial installations. According
to IEA forecast, renewable power capacity is set to expand by 50% between 2019 and 2024, led by solar
photovoltaic (PV). This increase of 1200 GW is equivalent to the total installed power capacity of the United
States today [1].

Solar photovoltaic systems are broadly classified into standalone PV systems and grid connected PV
systems. Solar PV serves as a sole source of energy satisfying the load demand in standalone systems,
whereas in grid connected PV systems, the AC grid also supports the occurring load demand [2]. Many of the
single-phase PV systems operated in a standalone configuration, however, connecting them to grid have been
on the rise due to the advantages, such as; providing ancillary services to the utility (reactive power support),
load balancing, voltage support, and harmonic mitigation [3].

However, the increasing adoption of PV systems in a grid-connected configuration also poses more
challenging issues [4, 5]. This fact inspires the development of technologies and new researches to present
and propose new solutions to allow the connection to the grid in a safe, reliable, and efficient ways. Recent
research topics addressed techniques and improvements related to; synchronization of single-phase PV
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systems with the grid [6-8], various control methods to improve power quality such as: reduction of total
harmonic distortion [3, 9], and reactive power injection strategies [4, 10] including low voltage ride through
capabilities [11-16].

Converter control strategies such as grid voltage modulated direct power control (GVM-DPC) and
DPC based on; sliding mode control (DPC-SMC), and space vector modulation (DPC-SVM) for three-phase
grid-connected PV systems have been reported in literature [17]. Similarly, control strategies such as SMC [18],
adaptive-fuzzy SMC [19], and Adaptive Intelligent SMC [20] are also implemented to control single-phase
grid-connected PV systems.

Control strategies for single-phase grid-connected PV inverter follow similar strategies adopted in
three-phase systems with a slight difference in creating the quadrature voltage vector. However, once the
quadrature voltage signal is generated, conventional control of active and reactive power using the concept of
vector current control can be implemented in a similar manner to three-phase systems. Conventional control
methods implementing either, proportional resonant (PR) controllers in stationary af3 or proportional integral
(PI) controllers in rotating DQ reference frames are both widely employed for grid connected power
converters, and both strategies are able to provide a zero steady state error [21].

This paper proposes a design of a controller for single-phase PV system based on the GVM-DPC
method using servo type-1 controllers for active and reactive power regulation instead of traditional PI
controllers. The inverter-grid system is modelled first as MIMO system in state space with coupling exists
between states. However, decoupling between input and output is achieved since the system is represented in
the DQ reference frame. Coupling between the states is also removed by proper selection of the controller
gain using the pole-placement method. The paper is structured as follows; modelling of the system, design of
the controller, design of L filter and maximum power tracking point (MPPT) are given in the research
method section, the simulation results of the proposed controller are presented in the results and discussion
section, and conclusion is given the last section.

2. RESEARCH METHOD

In this section the state space model of active and reactive power in a single-phase grid-connected
inverter is developed based on the earlier work presented in [17]. Figure 1 shows the block structure of the
system under investigation. The system consists of PV modules capable of delivering 2.7 kWp, single-phase
H bridge inverter, L filter with impedance (1 + jwL), grid model with its equivalent impedance (z,). The
processing and control unit is tasked with the estimation of the grid phase angle using PLL (using the quarter
cycle time delay concept), signal transformation stationary (af) and synchronous (DQ) reference frames,
calculation of reference active power, and MPPT using the perturb and observe (P&OQ) algorithm. The
processing and control unit is also tasked with executing the control algorithms to generate the inverter
reference signal (v,..r) which in turn is used by a unipolar PWM unit to control the inverter to track the
commanded signals.
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Figure 1. Block diagram of single-phase grid connected PV system
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2.1. DQ model of grid-connected inverter

Figure 2(a) shows a simplified equivalent circuit of single-phase grid-connected inverter. From the
equivalent circuit, the relationship between the inverter voltage, grid voltage and grid current can be written
using Kirchhoff’s Voltage Law (1);

. d .,
v =T5ig + Lfalg + v, Q)

where,v; is the inverter voltage, v, is the grid voltage, i, is the grid current, and 7 and L, are the filer
equivalent resistance and inductance, respectively. Using the vector space representation in Figure 2(b), (1)
can be expressed in the stationary reference frame (af) as shown in (2);

. da .
vl’(lﬁ = rflgaﬁ + Lfalgaﬁ + Ugaﬁ (2)

where, vy, and vgqp indicate the inverter and grid voltages, iy, indicates the grid currents all in the af8
reference frame. As shown in (2) is further transformed to the synchronous reference frame (DQ), which is
rotating at the grid angular frequency, to converter the model equation into a linear time invariant (LTI)
model. With the direct axis (D) of the synchronous reference frame aligned with the grid voltage vector, then
(2) can be expressed as,

Vip = Tplgp + Ly o-igp — whigg + vgp’ (3a)
and,

Vig = Tigo + Lf%ng + wLigp + Vg (3b)
where, vip, vig, Vgp, and vy, indicate the inverter and grid voltages, i;p, and iy, indicate the grid currents
all are represented in the DQ reference frame, and w indicates the angular frequency of the grid.

Since the D axis of the synchronous reference frame is aligned with the grid voltage, the grid
voltages in the DQ reference frame become, v,p = V; and vy, = 0. Hence (3) can be simplified to,

. d, .
Vip = Tyigp + szlgl) —wLigg +V, (4a)
and,
. d ., ,
Vig = Trlige + LfEng + wLigp (4b)

The instantaneous active and reactive power for single-phase inverter in the DQ reference frame are
given as [4],

1 . .
and,
Q= %(VQQ igD — Ugp ng) (6)

where Pand @ are the active and reactive powers of the inverter, respectively. Since v,, = Vjand vgo = 0,
(5) and (6) can be reduced to,

1 .
P = EVglgD (7)
and,

Q = —=Vyig (8)
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The instantaneous variation of the active and reactive powers can be obtained by differentiating (7)
and (8) with respect to time. Assuming that the grid voltage is constant, then,

d 1 d .

wl =3% o )
and,

d 1 d .

«?= 3%zl (10)

(@) (b)

Figure 2. Model of single-phase grid-connected inverter, (a) equivalent circuit, (b) vector space
representation

Substituting (4a) into (9),

d,_1 Tfyr: . 1 1
el =31 Valgp + @Vylgo + - Vyvio = V) (1)

As shown in (11) can further be simplified as,

2p=-_Up_ 2 v(v,—
=P = LfP a)Q+2Lng(le V)

or,

Ap_ _Trp_ 1 _y2
dtP— LfP wQ+2Lf(vD Vi) (12)

similarly, from (4b) and (10),

4 _ro_ L
dtQ_w LfQ 2Lva (13)

From (12) and (13) a state space model for the single-phase grid-connected inverter can be developed as,
i 1
. - —w —_ 0
Pl _| Ir P 2Lf vp -
[Q] - I w -Z [Q] lo = [ve] + H 4 (142)
Ly

-1 T
where, [P Q]Tis the state vector, [Vp  Vo]T is the input vector, [E 0] is disturbance vector, v, = V;v;p,
and vy = V,v;4. The output equation can also be written as,

=1 Ul (14b)

Design of type-1 servo controller for grid voltage modulated direct-power control ... (Eyad Radwan)



1916 O ISSN: 2088-8708

The system in (14) presents a second order, two-input, two-output system with coupling between the
two states and disturbance input. The signal flow graph (SFG) as in Figure 3 shows the representation of the
system in (14).

Figure 3. Signal flow graph representation of single-phase grid-connected inverter

2.2. Design of type-1 servo system

In this subsection the approach to using the pole placement in designing type-1 servo systems is
explained. The general structure for the pole placement approach to type-1 servo system is shown in Figure 4 [22].
The same approach in Figure 4 has been applied to the system in Figure 3. The states, P and Q, are used as
state feedback signals to the inputs vj, and v,, and the outputs of the system, y; and y,, are used as feedback
signals to the controller inputs. Figure 5 shows the SFG of the controller and the grid-inverter system.

The state space representation of the controller can be written from Figure 5, and is given as in (15). The
system in (15) is fourth order and there are six unknown controller gains.

. -1 0

1 k11 kiz | Tf k13 €1 1 0

. - —(==+-= 0 —(=+

P _ |2 (ZLf Lf) 2Lf ) P + 0 0 [Pr] (15)
e[| o 0 0 -1 |lez| o 1llo,

: s R s

Q l 0 (ZLf * (U) 2Lf (ZLf Lf) J Q 0 0

where, B. and Q,, respectively indicate the reference active and reactive power commands.
The gains k,5 and k,3, can be selected to eliminate the states cross-coupling terms. Therefore, both
gains can be set as in (16).

k13 = k23 = _Z(A)Lf (16)
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Figure 4. General structure of pole placement for type-1 servo system design
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Figure 5. Type-1 servo system state controller for grid-connected single-phase inverter

Once the states are decoupled by proper selection of the gains k;; and k,5, the multi-input, multi-
output can be easily decomposed into two second-order SISO systems; one for active power (P) and the other
for reactive power (Q). Each of the two SISO second order systems will result in two unknowns to be
designed. The state space equation for the active power (P) can be written as (17),

; 0

€1 _ |k k 1

[ol=e - ”“)][p] o] % )
From (17), the closed-loop transfer function for the active power controller can be written as (18),

; 0

€1l _ |k daz o T

[ A R A )

The gains kq;and k;, can then be designed to achieve the desired response according to standard second
order system specifications such as (19) and (20);

ki _ 2

2Ly Wn (19)
and,

kiz | TF

2t o= 2wn (20)

where, wy,and ¢ indicate respectively, the undamped natural frequency and damping ratio of a standard
second order system.
Similarly, the closed-loop transfer function for the reactive power controller can be written as (21),

[Z]=[’? e rf)][q] oo @)

2Lf 2Lf

and from (21), the closed-loop transfer function of the reactive power can be given as (22),
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Q) —ka1/2Lf
= 22
Qr(s) sz_(kZ_Z_T_f)q_kZ_l )
ZLf Lf ZLf

again, the gains k,,and k,, can be designed based on desired second order system specifications.

2.3. Design of L filter and MPPT

An L filter is used to reduce the high-order current harmonics produced by the inverter at switching
frequency. The L filter is designed using the methodology presented in [23]. The maximum value of the filter
total inductance (Lpqy) is given as,

1]Z
Limax = g5 X 10% (23)

where, v, and f indicate respectively the grid voltage and frequency, and P is the power of the inverter.
However, to achieve an acceptable current THD at low power levels this requires an increase in the value of
the filter inductor, thus (23) is applied at half the inverter rated power.

To guarantee that maximum power is being extracted from a PV array and transferred to grid/ load
system at all times, MPPT control algorithms are usually used for this purpose. In recent years, a large
number of MPPT techniques have been proposed for tracking the maximum power point. Proposed
techniques vary in terms of complexity, accuracy, efficiency, and hardware requirements. Classical MPPT
techniques such as; perturb and observe (P&O), incremental conductance (IC), and ripple correlation (RC)
methods are deemed to be suitable and practical [24].

In this study P&O technique is used to the track the maximum power point of a PV array. The array
used in this study is configured using one parallel string with 12 series-connected modules per string. The 1-V
and P-V characteristics of the PV array for different levels of solar irradiance and under a constant
temperature of 25°C are shown in Figures 6(a) and 6(b), respectively.
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Figure 6. Photovoltaic array characteristics: (a) 1-V characteristics for varying irradiance (b) P-V
characteristics for varying irradiance

3. RESULTS AND DISCUSSION

To demonstrate the effectiveness of the proposed controller, a simulation study has been carried out
using MATLAB/Simulink. The parameters of the grid-inverter system are listed in Table 1. In the first test
the grid-inverter system is simulated for a step change in solar irradiance from 900 to 500 W/m? while
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supplying zero reactive power. Figure 7 shows the amount of active power supplied to the grid is 2400 W
when the irradiance is at 900 W/m?, then the power drops to approximately 1390 W, when the irradiance
drops to 500 W/m? with zero reactive power is being supplied to the grid. The steady state performance
shows and acceptable level of power ripples. The voltage and current signals are shown in Figure 8 and the
corresponding level of current THD is shown in Figure 9. The current THD as shown in Figure 9 of the output
current conforms with the required standards (<5%) as stated in EN 50160 and IEEE1547 standards [3, 24]. It can
be observed that the current THD has increased slightly but stayed within the prescribed limits (<5%); which is one
of the major drawbacks reported for low levels of solar irradiance [25, 26].

Table 1. System parameters used in simulation

Parameter Value Parameter Value
Inverter rated power (Srated) 2.7 kVA PWM Switching frequency (fs) 10 kHz
Filter inductances (L) 10.0 mH, Grid voltage V, 230V
Grid side inductance (Lg) 3mH Grid frequency (fg) 50 Hz
Grid side resistance (rg) 1.0Q Controller gains Ky, and Kj; 260
DC link Capacitor (Cqc) 2500 pF Controller gains Kyp,and Ky, 5
3000 T ‘ T
P= 2.4 kW
2000 .
P=1.4 kW
1000 .
0 Q=0 Var /‘H\\
1000 - .
-2000 | | 1 | 1 1 | | 1
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Figure 7. Simulation results of grid active and reactive power responses when the irradiance level is changed
from 900 to 500 W/m? while operating at unity PF
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Figure 8. Grid voltage and current when the irradiance level is changed from 900 to 500 W/m?

In the second test, the level of solar irradiance is fixed at 500 W/m?, while the reference reactive
power is changed from -456 to 456 Var (leading to lagging PF at 0.95). This mode of operation shows the
capability of the PV inverter system of providing ancillary services to the grid (reactive power support).
Figure 10 shows the active and reactive power flow. Figure 11 shows the voltage and current signals, and
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Figure 12 shows the current THD. It can be observed that the current THD level has slightly increased when
the inverter is supplying reactive power to the grid, this can be justified due to the increase in the modulation
index of the PWM inverter to allow injection of reactive power into the grid.
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Figure 9. Output current THD for irradiance levels of (a) 900 W/m? and (b) 500 W/m?
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Figure 10. Simulation results of grid active and reactive power responses when the irradiance level is fixed at

500 W/m?while operating at 0.95 PF (leading/lagging)
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Figure 11. Grid voltage and current when the irradiance level is fixed at 500 W/m? while operating at 0.95 PF
(leading/lagging)

Fundamental (50Hz) = 8.859 , THD= 4.27%
T T T T T

N
(3]
T
|

N
T
1

Mag (% of Fundamental)
- P
T T
| |

0.5 N
0 III IIIIIl.Il Blalifonalananan ..|.. wia |. . ul i I i i
0 100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)
(a)
Fundamental (50Hz) = 8.826 , THD= 4.76%
T T T T T
37 -
Sas5- .
c
@
&
s 2° 7
c
=]
e
515 .
X
21 .
=
05 ‘ | 1
0 I I| "l"l-l Docatn DN0e nanonolan ninanalln. nio ol o aicoa lla o 1o |I. L I- ia I
0

100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)

(b)
Figure 12. Output current THD for irradiance levels of 500 W/m? (a) 0.95 PF leading and (b) 0.95 lagging
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4. CONCLUSION

In this study the operation of a single-phase grid-connected PV inverter system has been examined
when controlled using type-1 servo system based on pole-placement method. A simple tuning method for the
controller gains has been proposed in this study to eliminate the coupling that exists between the active and
reactive power control loops, and also to achieve acceptable transient and steady state performances. The
controller has been used to directly regulate inverter’s active and reactive power flow. The PV inverter has
been operated with a flexible reactive power compensation mode to provide ancillary services to the grid.
This compensation scheme becomes very useful when it is triggered by the voltage level at the PCC, or
alternatively used to comply with reactive power demands set by the grid operator. The simulation results
showed that when the solar irradiance is at full level, the THD of the grid-injected current conforms with
required standards. However, for low levels of solar irradiance, the THD in the grid-injected current
increased slightly, but stayed within the prescribed limits.
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