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Abstract

This paper presents a robust adaptive voltage control of
a three-phase voltage source inverter for a distributed
generation system in standalone mode. First, the state-
space model of the three phase inverter, which
considers the uncertainties of system parameters, is
developed. The adaptive voltage control technique that
is presented combines an adaption control term and a
state feedback control term. The former compensates
for system uncertainties, while the latter forces the
error dynamics to converge to zero. In addition, the
algorithm is robust to system uncertainties and sudden
load disturbances. The proposed control strategy
guarantees good voltage regulation performance under
balanced, and unbalanced loads. The simulation
results are presented under the parameter uncertainties
and are compared to the performances of the
corresponding non-adaptive voltage controller to
validate the effectiveness of the proposed control
scheme.

Index Terms—Adaptive voltage control, Distributed
Generation system (DGS),Pulse width
modulation(PWM), Photo Voltaic (PV).

INTRODUCTION

The distributed generated systems (DGS) have been
vigorously explored in the recent years, due to the
increased generation of energy from renewable energy
sources using wind turbine, solar cells and fuel cells[1]-
[5]. The DGS can accomplish the increase in the demand
of electrical power due to increase in the economical
standards and also they are environmental friendly.
Many forms of DGS are of wind turbine and
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photovoltaic and these are interfaced to the network
through power electronic converters and complex
control systems. In some cases the connection to the grid
is expensive or impractical. In such cases the DGS units
have to operate in parallel [6]-[8] or independently [9]-
[10]. In DGS, interface devices make the sources more
flexible in their operation and control compared to the
conventional electrical machines. However, due to their
negligible physical inertia they also make the system
potentially susceptible to oscillation resulting from
network disturbances. So, in standalone operation the
DGS unit is important as the stability of the parallel
operation of DGS in which proper load sharing of each
unit is one of the main concerns. Since the voltage
controller is commonly used in a single DGS unit to
multiple DGS unit so a voltage controller design for
DGS unit which can grant good stability and voltage
regulation under balanced and nonlinear load is an
important concern in the DGS control.

For the purpose of improving the quality of inverter
output voltage, many researchers are working on
designing the controllers for dc-ac  power
converters.Recently, an adaptive control method [11] has
been widely considered in the standalone DGS or UPS
voltage control. In [12], an adaptive output voltage
controller based on the resonant harmonic filters, is
proposed in order to compensate for the unbalance and
harmonic distortion on the load. The adaptation law is
also included to cope with the uncertainties in the system
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parameters. However, the information about output
voltage THD is not presented so it is not easy to evaluate
the quality of the controllers. In [13] and [14], the
precise voltage tracking is achieved under distorting
loads by using the adaptive control for the output voltage
based on the ideas of dissipativity. In this paper, the
uncertainties in the system parameters are addressed
through the adaptation, and the stability of the system is
guaranteed even under system parameter variations.
However, the major drawback of these techniques is the
computation complexity. In order to reduce this
complexity, a certain predefined value for the parameters
is required. In [15], an adaptive control method based on
the proportional-derivative  control  technique is
presented for a pulse width modulation (PWM) inverter
operation [16]-[17] in an islanded DGS. This paper can
guarantee good voltage regulation under various
operating conditions such as balanced and unbalanced
loads.

This paper presents a robust adaptive voltage controller
of the three-phase voltage source inverter for a
standalone DGS with different types of loads. First, the
state-space model of the three-phase inverter is derived.
For this model abc to dq axis is obtained using park’s
transformation. The uncertainties in the system are
considered. The proposed control technique [18]-[19]
combines an adaption control part and a state feedback
control part. The adaption control part compensates for
system uncertainties, whereas the state feedback control
part forces the error dynamics to converge exponentially
to zero. The proposed control strategy is not only simple,
but also insensitive to system uncertainties and load
disturbances. To prove the effectiveness of the proposed
control technique the system is modelled in MATLAB
and the corresponding results are presented.

INVERTER MODEL AND CONTROL STRATEGY
PV Inverter Modeling

The schematic block diagram shown in Fig. 1, is of a
standalone DGS. Here, the energy source we consider is
a PV system. The block diagram shows the
components/blocks of the DGS, those are the energy
source i.e., the PV cells, DC to AC converter, three
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phase inverter, output filter, isolation transformer and
load. The block diagram remains the same for the other
energy sources like wind, fuel cells etc. Depending on
the type of source the converter configuration will
change. In the present work, the PV cells and the DC to
DC converter can be replaced by rigid DC voltage
source (Vg). In this paper the main objective is to make
the system robust with respect to the load side (i.e.,
different types of loads like balanced and unbalanced
loads). This is acceptable because the converter can
rapidly recover the reduced dc-link voltage when a
heavy load is suddenly applied. Here the isolation
transformer is also not used in order to reduce the cost
and size of the system, as the voltage needed by the
customer is low voltage source which in case of DGS
can be generated without any transformer.

Photo

Voltaic o DCAC | ) coRilter |» Local/
Inverter Load

System

Fig. 1. Schematic Block Diagram of DGS.

The schematic diagram shown in Fig. 2 is of a three
phase ac inverter with Vg4 as input, and an output LC
filter connected to load. The inverter is a three phase
inverter with six gating pulses Sito Sg and the output
filter L and C connected to load R. The LC output filter
eliminates the harmonic components due to high
frequency switching action.

L
v IR R
i RS
Vi, L
Vdc iBm VC IR R ]
] :
Vocp VR
Tolcl,

3-® INVERTER N

Fig. 2 .Schematic diagram of a three-phase inverter with
an LC filter in a PV standalone application.

Applying KCL and KVL for the circuit shown in Fig. 2.
we can write the following state equations.
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d¢t Cc‘“ cCc* 1)
d.__1y ,tly
dt L
where 1 -1 0
T=| 0 1 -
-1 0 1

Transforming the above state equation (1) which is in
the stationary abc reference frame into synchronous
rotating d-q reference frame.

. 1 1.

Vg = oV, +Eim _EIRd

p 1. 1.

ch :—a)VCd +E|Lq —Equ

. 1 1 1 2
iy =i, —=Vey +—Vy +——V, )
Ld Lq L Cd 2L id 2\/§L iq

. . 1 1 1

g = —@l — Ve —mvm + 5 Vi

where w=2zf which is the angular frequency and f is
the fundamental frequency. Here

1 1 1 1
e 2L 2L T 243L
rewriting the equation (2).
Vo = a)VCq + kg —Kjigg
Vg =~V + K, —Kig, @)

i.Ld = a)iLq —KVey + KV + k4Viq
i'Lq =—0ly — kZVCq -k + kSViq

For the design of an adaptive voltage control the
following assumption are used

1. Vg and Vegr Which are the desired d-q reference load
voltages are considered as constant for a small sampling
period.

2. irg and igq vary slowly during a small sampling period
as in [20].

The reference values of i" s & i"g OF inverter currents
iLg & iq ind-gaxisas

-k - . -k _ -
I Lar = Iy —k—a)Vqu ’ I Lgr = IRq ——a)VCdr

1 1

(4)
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The minimum allowable values as in [21] of the inverter
d-qg axis currents references are

i"Laor if||*Ld(q)r <

gy =11 L@r . ()
x Imax f|| Ld(q)r| > Imax
| Ld(q)r

where lq. is the maximum allowable magnitude of

inverter currents.

The output capacitance C satisfies 0<C<<l i.e,,
1<<k;<oo so we can assume that 1<<k; +l4k; |<oo.
which leads to the following equations.

x . 1 . 1
i =iy —— oV, = iyy——F—oV,
Ld Rd kl Car Rd k1 + ‘ Akl‘ Cqr (6)
o . . 1
I gr = IRq - E a)VCdr = IRq - m a)VCdr

where 4k, represents the imprecision of the parameter k;.
From equations (1) & (2) following state variables are
defined.

X =Ves —Veur V.

Car (7)

Lar

' X5 =VCq -

Xg =y =g » X, =l —I
From equation (6) the state model of the system
represented in equation (3) can be rewritten as

X, =X, + K;X;

X, =—wX; + K X,

Xz =i, —K,Vey +KaViy + K,V

X, =—i g —K,Veq —KVig + KV

8

Considering equation (4) and considering the
uncertainties of the system the state model in equation
(7) can be rewritten as

X =@ X, + KXy + AKX,

X, = —wX, + K X, + AKX, ©)
%; = @iy — (K, + Ak, Wy + (Ky + Akg Vg + (K, + Ak, )V,

%y =~y — (K, + Ak, Vg — (K, + Ak Vg + (k; + AK,)V,
where Ak, dky, Aks & Ak, are the uncertainties of the
system parameters.

Design of Adaptive Voltage CONTROLLER FOR
THE PV INVERTER

The control inputs Vig & Viqare divided in to two control
components
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id = Vid1 T Vid2
10
V. =V, +V. } (10)
where Vig; & Viq are the feedback control components,
which stabilizes the error dynamics of the system where
Viez & Vig, are the nonlinear compensating components.
Where Vig, & Vig. are given by

kol —koi,

V. =
a2 k32 + kf (11)
—k,oi, + Ko,
ViqZ = K2 2
s TK;

From equation (9) & (10) the system model equations
(8) can be modified as

X, = @ X, + K Xg + AKX,

X, = —oX, + KX, + AKX, (12)
X3 =—(K, + A,V + KV, + AKV, + k4Viql + Ak4Viq

X, = —(Ky + Ak, Ve, =K Vigy — ARV + KV, + ARV,

Now assume two functions as
f(x,t) =a,V, +aV,, +aVg, } (13)
f,(x.1) =a,V,y +aV, +agVg,

where a; ,a,,a3,a4, a5 & a5 are unknown constants.

Considering equation (12) & (13), equation (12) can be
rewritten as

X =X, + K X3 + AK; X,

X, = —aX, + K X, + AKX, (14)
X3 = KyVigy + K Vigy —Ks (X, 1) — Kk, f,(%,1)

X, ==K Vg1 + KV, + K, FL (X 1) — K, f, (X, 1)

where a; ,a,,83,84, a5 & a5 are equal to

iql
a —a, - k Ak, + Kk, Ak,

k2 +kZ (15)
k, Ak, — k,Ak
a, ——a, — 4 3 3 4
2 4 k2 + k2
a, —a, — (k, +Ak,)
k2

Equation (15) can be represented in state space form as
% = (A+AA)X + B[u — f (x,1)] (16)
where f(x,t)=[f,(x,t) f.(x,)]"'=w "
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Now let us assume that there exists P=R** a positive
definite matrix that the system represented in (15)
satisfies the following inequality .
(A+AA)P+P(A+AA)+Q—2PBR'B"P<0  (17)
Or

AP +PA—2PBR'B"P+Q+AA'P+PAA<O (18)
where Q = R** & R=R** are positive definite matrices.

Equation (17) can be rewritten and the inequality holds
food for some positive p

ATP+PA—2PBR'B'P+Q+ pPEETP+LFTFAKZ <0 (19)
P

where

AATP + PAA = A, FTET P + AK, PEF < pPEET P+ L FTFAK,?
ye,

Assume that |AkjI< { where { is a known positive
constant.  Equation (18) satisfies the reccati-like
inequality has a positive definite solution for P=R*“,

From APPENDIX | the adaptive control law is given by
u=—Kx+WII

(20)

where K=R'B'P is a gain matrix, IT is the estimated
value of IT"

Lo ligr i -
i i —k, @iy —k; i,
Ld 'Lg =72 2
V,
Cr Teqr { u=—Kx-W [TWT B Pxd
Ves Ve i

Fig. 3. Schematic diagram of the proposed adaptive
voltage controller.
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SIMULATION Results

The DG source modeling and the integration of inverter,
grid and load are performed in abc as well as the
synchronous dq reference frames. The simulation results
of the proposed voltage controller are obtained using
MATLAB under various operating conditions. The
results are aimed at exhibiting the behavior of the
controller for uncertainties of system parameters as well
as load variations which is considered unknown. All the
waveforms illustrated in the case studies below represent
the Matlab simulation of the control law.

For the purpose of comparison, the nonadaptive voltage
controller without adaptive components is executed
which is the same as (10) of the proposed controller, and
the feedback control law is
u=—Kx (21)
where K is the same as in LMI.
1.1787 -0.6729 217.1063 -125.3464
2{0.6729 1.1787 125.3464 217.1063}

In the paper, simulations are carried out to verify the
effectiveness of the proposed adaptive control algorithm
under the following three conditions:

1. Balanced load (0%—100%): The balanced resistive
load is instantaneously applied to the inverter output
terminals.

2. Balanced load (100% — 0%): The balanced resistive
load is instantaneously removed from the inverter output
terminals.

3. Unbalanced load: The unbalanced resistive load is
connected to the inverter output terminals, i.e., only
phase C is opened.

TABLE 11
System parameters:
Parameters Value
DGS power 450VA
R 30Q
C 6UF
L 6mH
f 60Hz
Dc-link Voltage 280V
Load Voltage 110V(rms)

Figs. 4 to 8 shows the simulation results of the proposed
adaptive voltage controller using Matlab under three
different conditions mentioned previously. Figs. 5 (a)
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through 5 (c) show the waveforms of load output
voltages, load phase currents, and inverter phase currents
respectively. In Fig. 6 it is observed that the distortions
of the load output voltage waveforms are negligible
during the transient when a resistive balanced load is
instantaneously applied to or removed from the inverter
output terminals (i.e., 0% to 100% or 100% to 0%)
because the load voltage waveforms are recovered
within a short time of 0.4 ms.

Case Study I: Assessment of Parameter Uncertainty
for non-adaptive controller:

Figs. 4(a)-4(c) show the results of inverter current, load
current, and capacitor voltages for 150% uncertainties in
parameters Ak; to Ak4, between 0.02 to 0.05 seconds for
the non adaptive controller.
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Fig. 4.Simulation results of the nonadaptive voltage
controller with 150% uncertainties of system parameters
. (a) inverter phase currents (i qq ). (b) Load phase
currents (irqq ) and Load output voltages (Vcdq).
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Case Study I1: Assessment of Parameter Uncertainty
for adaptive controller

Fig. 5 show the waveforms for the proposed adaptive
voltage controller with an uncertainty of 50% for the
parameters Ak; to Ak, under a balanced load of R=80€Q.
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Fig. 5.Simulation results of the adaptive voltage
controller with 150% uncertainties of system parameters
under balanced resistive load (100%-0%).(a) inverter
phase currents (i, ). (b) Load phase currents (ir ) and
Load output voltages (Vc).
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Fig. 6.Simulation results of the adaptive voltage
controller with 150% uncertainties of system parameters
under balanced resistive load(0%-100%)

Fig. 6, show the waveforms of the proposed adaptive
voltage controller with change in balanced load from 0
to 100% from

t = Osec to t = 0.05sec at an uncertainty of 150% of Ak;
to Ak,.

Parameter
with an

Assessment  of
Controller

Case
Uncertainty for
Unbalanced Load
Fig. 7 shows the waveforms for the proposed adaptive
voltage controller with an uncertainty of 150% for the
parameters Ak; to Akg, under an unbalanced load of
R=140Q.

Study  I1l1:
Adaptive
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Fig. 7.Simulation results of the adaptive voltage
controller with 150% uncertainties of system parameters
under unbalanced resistive load in one varaiation. (a)
inverter phase currents (i, ). (b) Load phase currents (ir )
and Load output voltages (\Vc).

Fig. 8 shows the waveforms for the proposed adaptive
voltage controller with an uncertainty of 150% for the
parameters Ak; to Akg, under an unbalanced load from
100% to 0 of R=140Q.
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Fig. 8.Simulation results of the adaptive voltage
controller with 150% uncertainties of system parameters
under unbalanced resistive load.

In all the above simulations, it is observed that there is
very slight deviation of system parameters during
uncertainties of the system parameters. The system is
able to withstand the steady state error, as well as regain
the original operating condition, after the uncertainties
are removed.
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CONCLUSION

In this paper, an adaptive controller for three phase
inverter for standalone DGS has been presented using an
adaptive control law. Here the proposed controller is
easy to implement as well as robust to system
uncertainties and sudden load disturbances. In addition,
mathematically the stability of the proposed closed-loop
control system has been proven. To support the validity
of the proposed control algorithm, simulations have been
carried out through Matlab software. Finally, the
simulation results have shown that the proposed control
scheme gives satisfactory  voltage regulation
performance such as, small steady-state error, fast
dynamic behaviour under various loads (balanced load,
unbalanced load) in the presence of the uncertainties of
system parameters.

APPENDIX |
PROOF OF ADAPTIVE CONTROL LAW
Theorem: Assume that Ak <& Jfor some known

positive constant & and the Riccati-like inequality (18)
is feasible then the controller u can make the error
dynamics x converge to zero: u = —Kx +W I1

where K=R'B'P is a gain matrix,

IT is the estimated value of T1",and the adaptive control
law is givenby T1=-TW o

I =diag(y,); » >0;i=123.and & =B"Px (22)
Proof: Let us choose the Lyapunov function as

V =x"Px+T1. T'I1,

Where T[], =[1-I1".Its time derivative along the error
dynamics (12)is given by

V =2x"Px+2IT I I1,

= 2X"P[(A+ AA)X + B[u — f (x,t)]1+2ITL T *T1-1T")
where &7 = x"PB

=2X"P[(A+AA) —BK]x+2c™W (IT-I1)] - 2[1] W'
=2X"P[(A+ AA) — BK]x (23)

The Riccati —like inequality (16) implies that

V <—x"Qx<0. (24)
Then, by integrating both sides of above equation, then
we get:
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TX(z‘)T Qx(zr) = —Tv' (£)dz =V (0) —V () <c0.  (25)

This implies x <L, ~L_,ITe L, .combining the previous
results and using Barbalat’s lemma, x converges to zero

as time goes to infinity, that is,
lim x(t) =0.

t—oo
(26)
Remark 1: By using the Schur complement formula, it
can be shown that the Riccati-like inequality (18) is
equivalent to the following linear matrix inequality

(LMI).
X >0
AX + XA" —2BR™B + pEE" X ¢XFT
X -Q* o0 <0.
¢FX 0 —pl
(27)

The solving of the above LMI and setting P=X", we can
obtain the positive definite solution matrix P of (18). A
Matlab code to compute the gain K by solving the above
LMI.
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