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Robust Control Design for Three-Phase
Power Inverters using Genetic Algorithm

Natthaphob Nimpitiwan! and Somyot Kaitwanidvilai’?, Members

ABSTRACT

This paper proposes a new technique to design a
fixed-structure robust controller for grid connected
three-phase inverter systems. The proposed tech-
nique applies the Genetic Algorithm to evaluate the
optimal controller parameters. The integral squared
error (ISE) of the controlled system is minimized and
the robust performance (RP) of the system is satis-
fied. In the proposed design, the structure of con-
troller is specified as a decentralized Proportional-
Integral (PI) controller which is preferred for prac-
tical implementations. Simulation results show that
the proposed technique is promising. Applying the
proposed technique ensures wide operating conditions
for three-phase power inverters.

Keywords: Pulse Width Modulation (PWM) In-
verters, Robust Control, Genetic Algorithms, Fixed
Structure Robust Controller Design, Grid Connected
Inverters, Current-Controlled Inverter

1. INTRODUCTION

Inverter systems are one of important parts of elec-
tric energy conversion from renewable resources to
grid systems. Higher penetration level of grid con-
nected inverter based distributed generations tends
to increase the operational impacts on power sys-
tems (e.g., power quality, stability, reliability). Sev-
eral developed countries aim to increase the genera-
tion of electricity from renewable energies. Grid con-
nected inverters with robust performance (RP) are
necessary for ensuring reliability /stability of intercon-
nected systems. H,, optimal control theories have
been widely applied to several control problems.

As shown in previous works, H,, optimal control
is a powerful technique to design a robust controller.
However, due to complications of controllers from
conventional H? optimal theories, implementations of
the high order controllers may be difficult for prac-
tical multiple input-multiple output (MIMO) control
applications. An alternative solution to reduce the or-
der of controllers is to formulate problems as a fixed
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structure controller design [1, 2]. The design of a
fixed-structure robust controller becomes an interest-
ing area of research because of its simple structure
and acceptable controller order. Several approaches
to design a fixed-structure robust controller are pro-
posed in [2-4]. In [2], a robust H. optimal control
problem with a structure specified controller is solved
by using genetic algorithm (GA). As concluded in [2],
genetic algorithm is a simple and efficient tool to de-
sign a fixed-structure H,, optimal controller. C. Bor-
Sen and C. Yu-Min in [3] propose a PID design algo-
rithm for mixed Hy/H, control. In their paper, PID
control parameters are tuned in the stability domain
to achieve mixed Hy/H., optimal control. A similar
idea is proposed in [4] by using the intelligent genetic
algorithm to solve the mixed Hy/H ., optimal control
problem.

A simplified dynamic model of self-commuted pho-
tovoltaic inverter system is proposed in [5]. The volt-
age control mode is designed to regulate the terminal
voltage by supplying reactive power to load. Ref-
erence [6] proposes a grid connected PWM voltage
source inverter (VSI) to mitigate the voltage fluctua-
tions by designing a proper PI controller.

For current-controlled mode, state-space models of
grid connected current control PWM inverters with
PI controllers have been well studied in [7-9]. These
papers analyze and design robustness of the systems
by using modal/sensitivity analysis; also, time do-
main simulations are illustrated to verify the effec-
tiveness of the proposed control strategy. Reference
[8] applies feed forward compensation to the de-link
voltage-control loop to mitigate the impact of the
nonlinear characteristic of the PV array. Z. Shi-
cheng, W. Pei-zhen and G. Lu-sheng in [10] employ
current-controlled mode to regulate the power out-
put. In [10], to improve the inverter stability, the
feed forward compensation is adopted to compensate
the instantaneous variation of utility grid voltage and
to restraint the disturbances at the inverter terminal.

Designs of the controllers in [5-10] are accom-
plished under a single operating point. Hence, by
considering uncertainties/variations of several system
parameters, performance and stability of these con-
trollers may be deteriorated. Designing the con-
trollers by applying robust control design may assure
the dynamic performance and stability of systems un-
der several circumstances.

In this paper, a design of grid connected three-
phase current control inverters is proposed by apply-
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Fig.1: Model of a three-phase grid connected inverter: a) System diagram b) Circuit diagram of the three-

phase inverter.

ing the fixed structured H,, optimal control design.
Controllers with robust stability (RS) and nominal
performance (NP) are main concerns of the proposed
design. Genetic algorithm is employed to solve for
the optimal parameters of controllers. During the
controller design process, the DC voltage source is
considered as an ideal voltage source for the grid con-
nected three-phase inverter. Performances of the pro-
posed controller can be further investigated by ap-
plying the detail model of DC voltage source (e.g.,
phovoltaic arrays, fuel cells or micro turbines).

In this paper, applications of the proposed con-
troller are mainly focused on designing a fixed-
structure controller for constant power factor pho-
tovoltaic distributed generations (PVDGs). Struc-
ture of the controller is a proportional integral
(PI) controller with multiple inputs multiple outputs
(MIMO). Dynamic responses of an illustrative test
system are investigated under several uncertainties,
such as fluctuations of DC voltage sources and varia-
tions of power output of DGs.

Two illustrative cases are employed to investigate
dynamic performances of the proposed controller.
Analysis is accomplished to ensure wide operating
conditions of the PVDGs under variations of irradi-
ance.

This paper is organized as follows: Sections II
discusses the models of a photovoltaic array, state
space model of a three-phase inverter and the current
control model of the inverter. Section IIT discusses

the proposed technique for designing a fixed-structure
controller with Robust Stability and Robust Perfor-
mance. Section IV briefly explains the concept of GA
and finally the simulations of illustrative cases are de-
picted in Section V.

2. MODEL OF GRID CONNECTED THREE
PHASE INVERTER

A. Three phase inverter model

A three phase inverter as shown in Fig. 1 can be
represented by a nonlinear state-space model in ro-
tational frame of reference. By applying the 0dg-abc
transformation matrix defined by

iq 14/2 coswt sin wt io
iv|=v/2B{1V2 cos (wt—2F) sin (wt—27)||4a| (1)
Te 1A7/2 cos (wt—&—%’r) sin (wt—l—%’“) 1

, a grid connected three phase inverter can be repre-
sented with variables in rotational reference frame by
7]

T = Apz, + Mr(gjr; ur)
Yr = Nr(xraur)
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Note that by assuming a three phase balance sys-
tem, all components in zero axis (i.e., Lo,V o and I1o)
are omitted. After transforming to rotational refer-
ence frame, the state space representation of inverter
based DGs is a non-linear time invariant system. By
employing Taylor’s series expansion to (1), the lin-
earized state space model around “a normal operating
point” can be written as

Atxr, = A Azp, + BrrAug, (3)

where AJ,‘LT = AId AIq AIS AVd A‘/;fd Avch
AILD AILQ ]T and AULT = [Amd Amq]

B/ —w 0 Pma -1 0 0 0
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Note that in practical, the normal operating point of
PVDGs may be designed based on the standard test
conditions or STC (i.e., irradiance at 1,000 w/m? and
cell temperature at 25° C). Hence, the performance
of a controller designed under STC may vary under
different circumstances.

B. Power Control Unit

From the definition of rotational reference frame in
(1), real power and reactive power outputs (P"¢/ and
Q") of inverter based DGs with balanced three-
phase loads can be calculated as

S™=3(Vrp — jVrq)ULp — jlLq)*
=Vrplep + Vel +i(VrplLg + VrolLg)
Qref

pref

(4)

To control output powers from inverters, output cur-
rents in the rotational reference frame (Ir,p and Ig)
can be determined from (4) as

VTdPref _VTqucf

pref_ ref
. g P —0a QT (5)

,Ud2+,uq2

Irp = Itp =

3. FIXED STRUCTURE CONTROLLER DE-
SIGN WITH ROBUST STABILITY AND
ROBUST PERFORMANCE

By applying the H., theory with a fixed struc-
ture controller design, structures of controllers can
be significantly reduced to avoid difficulties during
controller implementations. Two main criterions
for a system with RS are RP and nominal perfor-
mance (NP). The NP problem is how to determine
a controller which will stabilize a plant with uncer-
tainty (i.e., parametric uncertainty and dynamic un-
certainty). Consider a control system in Fig. 1, a
plant with uncertainty can be represented with mul-
tiplicative uncertainty (W,,) as

P(S):PO(S)(I+ Wm(S)AM(S))§ |Am(s)|oo < 1Vw (6)

where Py(s) is a nominal plant model (without un-
certainty), P(s) is a perturbed plant model, W,,(s)
is a boundary function of a plant with perturbations,
A, (s) is a normalized perturbation with H,, norm
less than 1. The condition for robust performance is

[WinT |loo <1 (7)

; and the condition for disturbance attenuation per-
formance is

[WinSlloe <1 (8)

where S(s) is a sensitivity function, T'(s) is a trans-
fer function of feedback loop and Ws(s) is a stable
weighting function chosen by designer. Having both
conditions in (7) and (8) provide RP condition which
can be represented as

‘ W H = max,/[W, T2 + [W, S < 1
To apply a fixed structure controller design, the
problem starts with choosing a configuration of the
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Fig.2: A control system with plant uncertainty and
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controller. In general, a pre-specified controller can
be written as [1, 2]

B77 m B, m—1 B
K(S): _ S+ D18 + + by (9)

S+ ap_18"" 4+ -4 ag

where m and n are order numbers of the controller.

b}cu bklni

By, = Jfork=0,1,...,m.

bkno 1 bknoni

n; and n, are numbers of input and output of the con-
troller, respectively. The order number of controller
may be increased corresponding to complication of
plants and the rigorousness of performance specifica-
tions.

4. CURRENT CONTROL INVERTER DE-
SIGN USING GENETIC ALGORITHMS

A. Genetic Algorithm optimization

Introduced by Holland in 1962, Genetic algorithm

(GA) — an evolutionary optimization technique — is

inspired by the natural evolution. Possible solutions

of an optimization problem are represented by each

“chromosome”, an individual of population. A fit-

ness function, defined by optimization problem, is

applied to evaluate the merit of each chromosome.

Therefore, searches for the optimal solution are im-

plemented in parallel processes. For this reason, GA

can provide both global and local optimum solutions
in large search spaces. In this section, GA processes
are briefly discussed; details of the GA optimization

are well written and can be followed in [11].

GA starts from randomly initializing population.
The evolutions of each generation are accomplished
through several processes, (i.e., selection, crossover
and mutation). The steps of the proposed strategy
for designing fixed-structure controllers are outlined
as follows:

Step 0: Initialize the parameters (©), crossover rate
(pc), mutation rate (p,,), population size
(Nind), elite count (Nel)

Step 1: Initialize population for the first generation ;
k=0

Step 2: Calculate the fitness value and perform a
selection process to the current generation;

Step 4: Perform a crossover operation on selected
chromosomes;
Step 5: Apply a mutation operator and a shift
operator;
Step 6: Perform an elitism mechanism;
Step 7: Find the best chromosome of generation;
Step 8: If the stopping criterion is not satisfied,
increase the counter k£ by 1 and go to step 2;
Real and reactive power outputs of a three-phase
inverter are controlled by regulating the injected cur-
rents (Irp and Irg) to grid systems. In this pa-
per, the injected currents corresponding to reference
output powers (P"¢f and Q"¢/) and terminal volt-
ages (Vrp and Vpq) are directly determined without
feedback control by (5). Then, the configuration of a
robust fixed-structure current controller is designated
as (9). By applying binary coding, all controller pa-
rameters (by;;) is encoded to a bit string or so called
chromosome. All parameters is arranged in a vector
form as

0= [a07 Ap, bklh bknoh T abklnia o 7bknoni] (10)

Bit length of each parameter (¢;) with a pre-specified
interval [§V %] can be chosen as

pUi _ gL
l; = logy (R9>

(11)
where R; is the resolution of parameter.

B. Problem formulation In this paper, time domain
performance (e.g., speed, overshoot) of the controller
is evaluated by applying integral squared error (ISE)
or the “cheap” linear quadratic regulator (LQR) cost
function as

J= / le(r) |2 (12)

where e(t) is a vector of error signals The cost func-
tion J can be written in frequency domain as

o
7(5.0) = [E@lla = 5= [ Bl B(=s)ds

where

1

EG) = kG, 0p0)

R(s) (13)

K (s) is function of controller, R(s) is reference sig-
nal and P(s) is a plant function with model uncer-
tainty.

The objective function of the robust control opti-
mization problem is
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minimizeJ (O)
©

subject to

‘ Vg;”g H — maxo /W TP + .S < . (14)
o]

where  is a pre-specified upper bound which de-
fines the rigorousness of control specifications, W,
is a multiplicative weight function of a plant, W is
weighted sensitivity function.

5. RESULTS AND SIMULATIONS

In this section, a fixed-structure current controller
is designed for a grid connected 500 kW three-phase
inverter as shown in Fig. 1. Performances of the
proposed controller are depicted in two illustrative
cases; Case I: three-phase grid connected inverter
with an ideal DC voltage source and Case II: three-
phase grid connected inverter with photovoltaic ar-
ray as DC voltage source. In Case II, the proposed
controller is applied for three-phase inverters and em-
ployed as a part of photovoltaic distributed genera-
tions (PVDGs). Photovoltaic array are modeled and
applied as DC voltage source of the system. The ref-
erence power output of the PVDG is provided by
a maximum power point tracking (MPPT) module.
Specifications of the inverter are shown in Table L.

Table 1: Parameters of a grid connected three phase
toverter

Controller parameters Value

Switching frequency, f 7 kHz

DC voltage source (V) 1900V (with 12 percent uncertainty)

Rated output voltage(Vr) 380 Vrms, f = 50 Hz

Nominal output power (Pr,) |500 kW

Grid connection R1,ine=300mS2, L ine=300nH,

Cy= 3,000 uF

AC-DC inverter R=3m<Y, L.=3ul, C+=5,000uF

(with 1.0 percent uncertainty)

In case I, the three phase inverter is designed with
parametric uncertainties of 4 variables (see Fig. 1):
an ideal DC voltage source (Vy), coupling impedance
(RLine, Liine and Cy). Dynamics of the three phase
inverter are represented by the linearized state space
form in (3). With uncertainty specified in Table I, sin-
gular values of the illustrated plant, P(s), is shown
in Fig. 3. Multiplicative weight of a plant (W,,) is
obtained from considering possible plants from para-
metric uncertainty. For the illustrative plant, the
multiplicative weight function (W,,) requires a steep
bound in the form [12]

k
s Whe m
kmw\/Mu Inwo (15)
S+ Fmre

1
(e

; parameters in (15) are chosen as follow: ¢ = 0.01, k,,
=3, My =7, wy. = 2.5 kHz. The weighted sensitivity
function (Wg) is chosen as

k

1 s +ks / Mow )

W, = - G Lo (16)
ks /My | s +Fs Jewy

; parameters in (16) are chosen as follow: e = 0.01,
ks =1, Mg =10, wp = 10 Hz.

To avoid difficulty in implementation (i.e., con-
troller with higher order), a PI controller is pre-
specified as the configuration of K(s). Hence, the
controller configuration is

Kpp + 12 0

K =
(5) 0 Kpg +

Kig
S

The parameters of PI controllers are defined as

© =[Kpp,Kip,Kpg, Kig].

GA optimization is accomplished with p.= 0.8,
Pm = 0.2, Nind = 40 and N.,; = 5. The best fit-
ness value and the optimal solution are 0.0731with
KPDZKPQZO.00033 and K[DZK[Q=0.11246. The
objective functions from each generation are shown
in Fig. 5.

20
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Fig.3: Singular values of W, and the plant.

In both cases, the proposed fixed structure PI
controllers designed by GA optimization are tested
with a three phase inverter switching model in Mat-
lab/Simulink. In Case I, results of a simulation with
a reference signal average power output (P"¢f) at 500
kW are shown in Fig. 6. By applying the model of a
grid connected three-phase inverter as shown in Fig.
1, the ideal DC voltage source (Vpe) is perturbed
from 1,900 V to 1,700 V at ¢ = 0.15 ms and 1,500 V
at t = 0.30 ms in order to demonstrate the stability of
the plant. Note from Fig. 6 that the average output
power has a capability to recover from DC voltage
drop up to 21 percent within 2-3 cycles.
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Fig.6: A simulation result of a three phase inverter
with PT¢f = 500 kW and Vpe perturbations.
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In Case II, the fixed-structure controller for three-
phase inverters designed in Case I is employed
as a part of Photovoltaic distributed generations
(PVDGs). A set of Equations which describes char-
acteristics of a PV array can be written as [13]:

I Nsum

VM=Ngp V0 (1-—" |+ Ns i VS M RS
sm Vi n( Npr§c>+ smVoctim SNpus
(17)
ISe = C1G, (18)
Vic = Vgcﬂo + Co(TC = T§) (19)

k

Ve = %(273 +7°) (20)
where VM voltage at PV array terminal, I output

current of PV module, Ngjs is number of PV cell
with series connected, Npjs is number of PV cell with
parallel connected, V§,is open circuit voltage of PV
cell, TC is temperature of cell, G, is irradiance level,
Igcis short circuit current of PV cell, C; and Cs are
PV cell’s constants, m and k are diode quality factor
and Boltzmann’s constants, respectively. The total
power output of the photovoltaic array is 720 kW
with 40 series connected modules and 150 parallel
connected PV modules. The parameters of each PV
module under standard test conditions (1,000 w/m?
and 25°c) are shown in Table II.

Table 2: Parameters of each PV module under stan-
dard test conditions

Controller parameters Value
Maximum power output 120 W
Short circuit current 7.54 A
Open circuit voltage 22.1V
Current at maximum power 7.05 A
Voltage at maximum power 177V
PV cell with series connected 40
PV cell with parallel connected 150

The MPPT module is modeled by perturb-and ob-
serve (P&O) method. By applying P&O, the operat-
ing current is perturbed to observe the rate of change
of the output power to the output current (dP/dI)
of PV array. The MPPT module adjusts the out-
put current to the direction of maximum power point
corresponding to the result from dP/dI. Details of the
MPPT by P&O method can be found in [14, 15]. The
sampling interval in this simulation is 20 ms with 0.2
A in each step change.

In practical, the output voltage from PV array may
be stepped up to a higher level by using a boost con-
verter. In this paper, to reduce the complexity of
the system state space model, dynamic responses of
the boost converter are not taken into consideration.
The boost converter is modeled as an ideal step up
converter.
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In Case II, dynamic performance of the proposed
controller are inspected by fluctuating solar irradi-
ance from 1,000 w/m? to 600 w/m? at t = 0.10 s and
back to 1,000 w/m? at t = 0.30 s (see Fig.8). The high
frequency oscillation of the MPPT is filtered out by
applying a low pass filter. Determined by the MPPT,
the reference real power output (P"¢/) with a unity
power factor (Q"¢/ = 0) of the three-phase inverter
is shown in Fig.8.

I I
— Reference Real Power from MPPT
— Average Real Power Output (kW) |

Average Real Power (kW)
282388

g

3]
=N
[=]

g

i i i
01 0.15 02 025 03 035 04
Time (s)

Fig.8: Average real power output of the PVDGs in
Case II with reference command from MPPT

Also note that the average real power output is
calculated over 1 cycle (20 ms). From a step change
of irradiance at ¢ = 0.1 s, the DC link voltage (vge
in Fig. 1a) as the input of the three-phase inverter is
fluctuated as shown Fig. 9. Fig. 10 shows the output
current at the terminal of the PVDG. The output cur-
rent in Fig. 10 also has the 3'¢ and the 5th harmonics

due to overmodulation (i.e., m, = (/mq? +m4?) is

higher than 1) as shown in Fig. 11.
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Fig.9: DC Link voltage in Case II

In Case II, Operations of the three-phase inverter
PVDG at irradiance less than 600 w/m? causes the
DC link voltage (V) significantly decreased from the
standard test conditions. Hence, this requires the cur-
rent controller to compensate the DC input voltage
drop by raising the mq and m,. Operations under
these circumstances are undesirable; to avoid unsta-
bility of the PVDGs and power quality issues in grid

systems, the PVDGs operation is required to be ter-
minated.

Step change of irradiance ;
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Fig.10: Line current of the PVDGs in Case II
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6. CONCLUSIONS

The proposed technique employs GA to determine
the optimal controller parameters; also, it achieves
both performance and robustness of the controlled
system. The effectiveness of the proposed controller
is verified by the time domain responses under step
changes of the ideal DC source voltage in Case I. This
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operating condition simulates the fluctuation of DC
voltage level from renewable resources (e.g., fuel cells,
solar cells, wind turbines), which may results from
variations of environmental conditions. To verify the
robustness of the proposed controller, the controller
also applied to control a 720 kW PVDG in Case II. As
seen in the results, the proposed controller is robust
to the variations of DC source voltage. Moreover, the
structure of controller is specified as a decentralized
PI controller which can be practically implemented.
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