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Abstract — This paper presents the decoupled active and reactive
power control (PQ control), using a Phase-Locked Loop (PLL) for
synchronization, and applied to the control of Multicellular Parallel
Inverter (MPI) for a grid-connected Photovoltaic (PV) system. We
explain the value of this multicellular structure of inverter compared
to a conventional inverter. We also present and discuss the
simulation results obtained using the Matlab software (simulink and
simpowersystems).

Keywords —  decoupled PQ control, PLL, Multicellular
Parallel Inverter, L filter.

I. INTRODUCTION

Static converters play an essential role in converting and
preserving the quality of electrical energy in grid-connected
photovoltaic (PV) systems. Indeed, maximizing the power
transfer from the Photovoltaic Generator (PVG) to the
electrical grid and optimizing the system dynamics both
depend on the static converter technology used and its control
algorithms [1]. In the architecture of a classical PV system, a
LCL filter is often used to connect the inverter to the utility
grid in order to obtain a good attenuation of high frequency
harmonics generated by the inverter [1], [2]. However, the use
of the LCL filter complicates the control, due to the increase
of the order of the filter. Insofar as it is no longer possible to
control the system using conventional controllers (PI:
Proportional Integral), we must use other types of commands
such as cascade controllers etc.

In order to control this system with conventional PI
controllers, we can use a L filter but in this case, we must
make a compromise between the quality of the energy (the
good attenuation of harmonics) and the system dynamics (the
speed of the system). Indeed, with classical inverters and L
filters, it is necessary to increase the size of the inductor L to
obtain a sufficient harmonic attenuation. However, this causes
an increase in the size of the filter, its price and the response
time of the system [2].

To solve this problem, we propose a new architecture of
PV system with a Multicellular Parallel Inverter (MPI) and a
L filter to facilitate the control of the system. In addition, the
use of an innovative structure using a multicellular converter
in this domain should allow a gain in volume of the filter, in
system reliability, and in quality of energy. The objective of
this work is to analyze the PV system with parallel

multicellular structure and to show that this is a very
interesting structure compared to the conventional solution.
We are particularly interested in control and sizing of this
system, in a context of use in Africa (in Chad) where the cost,
the reliability and the maintenance issues of the system should
be taken into account. The grid considered is low voltage
(230 V, 50 Hz) in which a power of a few kilowatts (kW),
depending on the number of PV panel, is injected.

This work is organized around the following sections:
section Il describes the system under study, section Ill
presents the study of the inverter including the principle of
this inverter and the sizing of passive elements, section IV
presents the modeling and control of the system. Finally,
section V presents the simulation results and interpretations.

Il. DESCRIPTION OF THE SYSTEM

Figure 1 shows the proposed architecture of the grid
connected PV system.
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Figure 1. Diagram of the grid-connected PV system and its control

The system is composed of two parts: a continuous part
(DC) and an alternative part ( AC). The DC part composed of
the PVG, the boost converter, and the Maximum Power
Point Tracking (MPPT) algorithm, will not be studied in this
paper. We are only interested in the AC part composed of the
Multicellular Parallel Inverter (M PI), the L filter and the
utility grid. The system is controlled by decoupled PQ
control and synchronized by PLL (Phase-Locked Loop)
which is based on the Park transform.
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Ill. STUDY OF THE CONSIDERED INVERTER

1) Principle of the Multicellular Parallel Inverter
The simplified diagram of the three-phase MPI with six
interleaved magnetically independent cells is shown in
Figure 2. Where x = a, b, cis the name of the considered
phase of the inverter.
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Figure 2. Three-phase multicellular inverter with 6 interleaved cells

Three-phase MPIs with six interleaved cells have already
been studied in [3] and [4], where the authors were interested
in the structure with six magnetically coupled cells. The
coupling of the inductors allows reducing the phase ripple
current and further miniaturizing the entire inverter and
output filter [4]. In aeronautic and railway applications, it is
important to consider the constraints of volume and weight to
obtain a more compact converter. In a PV application, these
constraints are less important. Furthermore, if the cells are
magnetically coupled, in case of failure on one of the cells,
all other cells are affected [3]. This problem reduces the
reliability of the system. Here, we consider the interleaved
structure with independent inductors for more reliability of
the system. In addition, this structure also offers a reduction
of the overall volume of the filter by offering a large increase
in the apparent frequency of the output current ripple.
Furthermore, this technique allows accelerating the system
by decreasing the response time of the converter [4]. Its
principle is based on the combination of the current ripple of
each cell to obtain a low output current ripple [3], [4].

As in a conventional inverter, the two switches of the same
inverter arm are controlled complementarily.

K, = Fm ;wherei =1{1,2,....,6}and x = {a, b, c}.

The six different switching cells are shifted by 2?" and
controlled with the same duty cycle [3], [4]. The three phases
of the inverter (a, b, c) are also shifted by 2?"

To simplify, the study of the three-phase inverter can be
reduced to a single phase. Figure 3 shows the waveforms of a
one phase of the MPI with six independent interleaved cells
when a RL load is connected (For specifications of this MPI
+ load, Cf. Table I).
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Figure 3. Waveforms of the MPI with six cells

It can be seen in figure 3 (a and b) that the output current
is effectively equal to the sum of the cell currents.
Furthermore, the frequency of the ripple output current is six
time higher than that the ripple current of one cell. In
addition, dividing the output current allows reducing the
current constraints on the semiconductor switches of the
inverter. However, the voltage constraints are the same as the
conventional structure [3].

In figure 3.c, we see that the waveform of the voltage is
more sinusoidal than the waveform of classical two levels
inverter (not presented here) and has seven levels voltage. So
the inverter with six interleaved cells can be also called seven
levels voltage inverter. Comparing with the usual obtained
with a classical inverter, the fact that the voltage is more
sinusoidal makes it easier to filter. We can therefore use
small caliber passive elements to realize the output filter.

2) Sizing of passive elements

Passive elements have been dimensioned in Table I.

We can see in table | that, in the case of interleaved
inverter, the ripple output current is divided by six (g = 6:
the number of interleaved cells) compared to the classical
inverter.

Using table | and neglecting the resistances of copper, we
compare the filtering volume as follows:
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< Ingeneral [11]:

- Energy: W = % Ll0.° (1)

- Volume: Vol < W3/* )

So Vol o = L3/ *Lyq ™ ©)
¢+ Three-phase classical inverter:

Voly &35+ L4+ Iy gy /2 4)

¢ Three-phase MPI six interleaved cells:
1 3 3 1 3 IlJ max 3/2
Vol & 3- 2 Ly /41"7”““‘ /2 + 3q- 2 Lix /4( q ) ®)

By (4) and (5), the volume ratio is follows:
3/4 \3/4
2= Yoz _ (L_f) n (Lﬂ) : (IL) — 0.66 ©)
Voly Ly Lg q /2

Note: A < 1= Vol, <Vol,
Thus, the volume is reduced.

TABLE I. SIZING OF THE ELEMENTS OF THE FILTER
Value
Symbol Parameter classical MPI Unit
inverter (g =6)
Pra Maximum power 5.2 5.2 kw
Vie DC bus voltage 650 650 Vv
\A Grid RMS voltage 230 230 \Y
Ly Grid side inductor 6.75 6.75 puH
fow Switching frequency 20 20 kHz
f Grid frequency 50 50 Hz
Iy max Maximum output current 10.66 10.66 A
1L max Maximum phase current 10.66 1.77 A
Alphase Ripple phase current 2 2 A
Al max Ripple output current 2 0.33 A
Lix Cell inductor X 5.5 mH
L¢ Binding filter inductor 5.5 1 mH
Rix Cell side resistor 0.5 0.5 Q
R¢ Binding filter resistor 0.5 0.5 Q
R, Grid side resistor 0.5 05 mQ

IV. MODELING AND CONTROL OF THE SYSTEM

1) Electrical model of the binding filter
By considering the resistor of the copper windings of the
inductors, the simplified equivalent diagram of the
connecting filter is shown in Figure 4.
ix AT
R L

Figure 4. The equivalent circuit of the binding filter

2) Mathematical models of the binding filter
Mathematical models of this diagram follow:
- Inthe abc frame:
Ve = LEX+ Rix + Vi, (7)
Where V, , V, , and i, : the inverter voltage, the grid voltage

and the grid current respectively. R is the sum of the copper

resistances of the filter and the grid (R = Rf + R,) whereas L
is the sum of the inductors (L = Lf + Ly).

- Inthe Park frame:

R
afla\ _ (77 @ \(la\,1(Va—Var
)=\ e o))+ (=) ®)
L

Vy.Vy and ,1; are the d-axis inverter voltage (in the Park
frame), the grid voltage and the grid current respectively
whereas V, V. and I, are the g-axis components; w is the
pulsation (w = 27f).
By developing (8), (9) is obtained

LEG = —Rlg + Lolg + Vg = Var o
dal
L—1=—Rly = Lolg +V; = Vg
3) Transfer Function of the Filter

In equation (9), we set:

Ui=Lwl, +V; =V,
{ Ud ~ L q a dr (10)
g = ~Lolg+Vy = Vy
Using the Laplace transform we obtain:
_da(s) _ 1
Hd(s) - Uqg(s) T Ls+R (11)

_ Iq(s) _ 1
Hq (S) - Uq(s) T Ls+R

Since the filter transfer function is first order, conventional
Pl controllers are sufficient to control the system [9].The
transfer function of the PI controller is given in (12).

C(s) =kp +°2 (12)
Where s is the Laplace variable.

4) Current control Loop

The d-axis current control loop is shown in Figure 5. The
same loop is also valid for the g-axis current (only the

coupling term is different).
ld*
&)

T

Figure 5. The d-axis current control loop
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Hd () -

D

C(s)

The open loop transfer function (FTBO) of this system is
given in (13).

k.
kpp+—L
FTBO(s) = C (s).Hy(s) = ’ZT (13)
So the closed loop transfer function (FTBF) is follows:
FTBF(s) = FTBO(s) _ Vpc(kpis+kin)/L (14)
1+FTBO(s) kix

52+(R+—llfpl>s+ k£1
5) Calculation of the PI parameters(k,, k;;)
The calculation of parameters of the Pl controller
(kp1 et k;p) is analytical. To determine these parameters, we
remind the denominator of a system of second order in (15).

s+ 2zw;s + w;? (15)
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Where z, and w; are the damping factor and the cut-off
frequency, respectively. By identifying the denominator of
(14) with (15), the parameters of the PI controller are
obtained:

{kpl =2zwyL—R (16)

kiy = Lw;;?
ForL=1L;+L;~1mH R=R;+R,~050and z=
1 (to eliminate the oscillations),
we obtain:
ty =20ms (w; = %) kp; = 0.5 and k;; = 250,
So the theoretical response time of the system is equal to
til = 20 ms.

6) Decoupling and compensation
The parameters of the PI controller are calculated without
considering the coupling of the d-axis (I;) and g-axis (I;)
components of the current (see equation (9)). To control
separately the d-axis current I, and the g-axis current I, and
accordingly the active power P and reactive power Q, it is
necessary to decouple (9). That is to say, to eliminate the
coupling terms (Lwi, and Lwl, ) and compensate the d-axis
and g-axis components of the grid voltage (V, et V).
So just set:
{Vd* =Uqg — Lwly + Vg,

. _ a7
V," = Uy + Lwly + Vjy

The control diagram of the system is shown in figure 6.

The two PI controllers compare the current references
(Ia4") with the output inverter current values (I,,: measured
current) and bring the necessary corrections to obtain a zero
gap (zero static error). Then, the terms of disturbance
(coupling terms and grid voltage) is removed to obtain a
reference (V) equal to the maximum amplitude of the grid
voltage and (V,") equal to zero (V,* = 230v2 V and V,*= 0),
when the system is synchronized by the PLL. Finally, the
references (V4,") are transformed using the inverse Park
transform to obtain the references voltages in the abc frame

(V).
J{ Vir

la=

[ B VPN Ve*
[
g.............é........i.;;......)‘L_w

Figure 6. Diagram of the decoupled PQ Control

Each of these voltages is used as a reference voltage for

the Pulse Width Modulation (PWM) blocks (see Figure 1).

7) Highlighting of the PWM (Pulse Width Modulation)
The principle of the PWM is based on comparing the low-
frequency fundamental signal (here V") to a high-frequency
signal (called carrier) to generate a PWM signal used to
control an inverter arm. Here, for the same phase inverter, six
different cells use the same fundamental signal but the
carriers are shifted by 2m/6. The fundamental frequency

signal is equal to f =50 Hz (grid frequency) whereas the
frequency of the carrier is equal to fsw =20 kHz
(switching frequency). The two switches of the same arm
(cell) are controlled complementarily.

Figure 7 shows the details of the PWM block for one
phase of the inverter. This figure is also valid for the other
phases of the inverter but the three references voltages (V")
are shifted by 2m/3. Each reference voltage is compared with
six carriers which they are regularly shifted by 2w /6.
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Figure 7. PWM control of one phase of the inverter

8) Calculation of the Current Reference
The active (P) and reactive (Q) power are written in the Park
frame as follows:

!P = %(Vd’d +V,1,)

Q =3 (Vala = Valy)
We deduce the components of the current reference in (19).
Id* _ E(P*Vd+Q*Vq)
3\ va2+v,?
[ = E(P*Vq—Q*Vd)
a 3\ V24P
Where P~ is the active power reference and Q* is the reactive
power reference.
9) Phase Locked Loop (PLL)

To synchronize our system on the utility grid, it is
necessary to use a PLL. In the literature, several types of PLL
are presented [6]. We select the three-phase PLL based
voltage also called PLL Park [6]. Its block diagram is shown
in Figure 8. The principle of this PLL is to apply the Park
transform to the three-phase grid voltages and adjust the g-
axis voltage component (V,.) to zero (V,* = 0).

Var* o ©.
T T e BN
Vor

(18)

(19)

111

Var Vbr Ver

Figure 8. Diagram of the PLL Park

First, the Concordia transform is applied to the grid
voltages (V;,) to obtain the alpha-beta voltages (V,z). Then
we do a rotation R(—6,) to obtain dg- voltages (V) [6].
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Thus, we obtain (20). References (P*and Q') vs time

() =3 (hiees) = w3 (hgo) @
Where V = 230 V is the RMS grid voltage, 6, the estimated
angle, and 8,. is the grid voltage angle (6, = wt).
The PLL locks when 6, = 6,.. This condition is achieved if ! ; i i
the PI controller regulates V. to zero. .

1) Calculation of the PI controller parameters Time (s)

(kp2, kiz) of the PLL Figure 10. Active and reactive power references (P* and Q*)

CT T Y PR M-

1000

Power:P* (W)and Q* (VAr)

|
P | . - -

The simulation results of the decoupled PQ control are

By considering for small values of A8, the term sin(A8) =
shown in figures 11, 12, 13, 14 and 15.

tends to A9 [8], we have:
AB = 6, — 6, In this case, the simplified diagram of the
PLL is shown in figure 9. Active and reactive power (P and Q) vs time

b
Power: P (W) and Q (VAr)

. . . . Time (s)
Figure 9. Simplified diagram of the PLL

. . Figure 11. Active and reactive simulated power curves
The transfer function of the parallel PI controller is: 9 P

sz (S) = kpz + % (21) 1:Naveforr:ns ofthe:three-p?ase curTentgrid:vs time
According to the figure 9, the open loop transfer function (¢) =l P '
is the following: =
k;: -
_ Vqr*(s) — . kp2+%2 §
G(s) = Yo = Vv3 (—S (22) £
The closed-loop transfer function can be writtenas: e oo
_ G _ V3 (kipthpss) : - : :
H(s) = 146 (s)  s2— VV3-kpas—VV3kiy (23) Time (s)
Using (15) and (23), we obtain (24):
ko, = —2ZWjp Figure 12. Waveforms of the current grid on the abc frame
N
w2 24)
kiZ = V\}% Zoom on the maximum grid current vs time

Where w;, = Ti is the cut-off frequency, t;, is the response
i2

time of the system of figure 9 and z is the damping factor.
We fixed t;, =10 ms (t;; < ty), z=1 (to eliminate the
oscillations) and we obtain w; = 100 rad/s. This provides:
k,» =—05and k;; = —25.

V. SIMULATION RESULTS AND INTERPRETATIONS

1) The decoupled PQ control Time (s)
The simulation is done using the Matlab software
(Simulink & SimPowerSystems) by  considering  the
specifications given in table I.
So in order to test the performance of the decoupled PQ
control, we set Q* = 0 and P* is varied on time (t) as follow:
- forte[02]s, P*=3.2 kW
- forte[24]s, P =52 kW (maximum power) ;
- andfort €[46]s, P* =42 kW. i s
This situation is presented in figure 10. T rme )

Current(A)

3005 301 3015 302 3025 303 3.035 304

Figure 13. Three-phase grid current when P* = 5.2 kW

Three-phase output inverter voltage vs time

Voltage (V)

EX:=r

S04

Figure 14. Three-phase output inverter voltage
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Three-phase grid voltage vs time

Voltage (V)

015 EXE EX

Time (s)

Figure 15. Three-phase grid voltage

2) Interpretation of the results

Figure 11 shows that the simulated power (P, Q) follows
the imposed instructions (P*, Q™). The reactive power Q (see
figure 11) is always equal to zero whereas the active power P
vary according to the reference active power (P*). The actual
current (in the abc frame) also follows this variation (see
figure 12). In these figures, we also observe good behavior of
system transients (good system dynamics). Therefore, the
decoupled PQ control tracks the references and can be
validated. Figure 13 shows a zoom on the current injected
into the grid. This current corresponds to the current when
the reference power (P*) is maximum in the interval [2 4] s.
We see that this current is practically sinusoidal and smooth.
So the L filter fulfills its role. The figures 14 and 15 show the
output voltage inverter and the grid voltage respectively.

To connect the inverter and to inject a current into the
grid, we must satisfy two conditions: the first is that the
inverter output voltage must be greater than the grid voltage.
The second condition is that the current injected frequency
must be adjusted of the grid frequency.

In the figures 14 and 15, the maximum amplitude of the
voltage inverter is slightly greater than the amplitude of the
grid voltage. Therefore, the first condition of coupling to the
grid is achieved.

To check the condition of the current frequency matching
and grid frequency, we need to synchronize our system with
the grid. This is the role of the PLL. Figure 16 shows the
superposition of the inverter current curve (current injected
into the grid) of the phase a on the simple grid voltage curve
of the same phase.

Superposition current (ia Jand grid voltage (Var) vs time

Voltage (V)
Current (A)

Time (s)
Figure 16. Superposition of the current inverter and grid voltage curves

Figures 16 shows that, at steady state, the current (i,) and
the grid voltage (V) are in phase and have the same
frequency. It can be seen that the steady state is reached in
100 ms whereas the PLL synchronizes the system in less than
80 ms.

Finally, figure 15 shows that the three-phase grid voltage
is sinusoidal and smooth. Therefore, our system injects the
current into the grid without disturbing it.

VI. CONCLUSION

The decoupled PQ control used followed the instructions
of powers (P*and Q*). The PLL also managed to
synchronize the system in about 80 ms.

The electrical design and simulation results showed the
value of the interleaved inverter. The strengths of this
inverter is the quality of the waveforms (see figure 14), the
reliability of the system (several interleaved cells), the
reduction of the output filter volume (see (6)), the improved
system dynamics and the simplicity of the control, using of a
simple L filter.

However, the disadvantage of the proposed architecture is
the number of semiconductor switches used for the MPI
fabrication. Fortunately, this disadvantage can be mitigated
by the reliability of the system and the low price of
components semiconductors (low class).
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