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ABSTRACT This paper performs parameter optimization of proportional-integral (PI) and repetitive
controller (RC) with a new objective function by adding two degrees of freedom for a three-phase boost
power factor correction (PFC) rectifier. The main objectives are to optimize the multiple control loop
parameters for total harmonics distortion (THD) reduction and dynamic performance indices improvement,
including overshoot, rise time, and zero steady-state error. The control parameters of the three-phase boost
PFC rectifier are optimized through a standard genetic algorithm. After obtaining the optimal PI and RC
parameters values, fast Fourier transform and dynamic response analysis were performed using MATLAB.
Moreover, separate evaluation functions are used to validate the optimal results in terms of THD reduction
and dynamic performance indices improvement. Furthermore, the results are compared with the existing
objective functions to show the proposed objective function superiority. Simulation results demonstrated
that our proposed objective function outperforms existing objective functions to achieve optimal PI and RC
parameters value. Finally, simulation results are validated through experimental results. The experimental
setup includes a 5kW three-phase PFC rectifier with DSP TMS320F28335 prototype hardware to verify
controller parameter performance.

INDEX TERMS Genetic algorithm, PI control, repetitive controller, ZLG objective function, degree of
freedom, power factor correction, total harmonics distortion.

I. INTRODUCTION
The widespread use of the active AC-DC rectifier leads to
the rise in non-linearity of electronic equipment resulting in
grid current degradation. Therefore, to handle such a prob-
lem efficiently, a three-phase boost power factor correction
(PFC) rectifier has gained further popularity [1]–[5]. The
performance of three-phase boost PFC rectifier in terms of
unity power factor (PF), total harmonics distortion (THD)
reduction and dynamic performance indices improvement
such as overshoot (Mp), settling time (ts), rise time (tr ) and
steady-state error (Ess) can be significantly improved by
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adopting efficient controller strategies. The control strategies
are categorized as: (1) intelligent control (2) conventional
control. Adaptive, predictive, and fuzzy controllers lie in
intelligent controls [6]–[9]. Recent development in digital
technology accelerates the use of intelligent control in PFC
rectifiers; however, it results in more calculation complexity
and computation burden on the regular processor. On the
other hand, most commonly used conventional control strate-
gies such as PI controller have improved the three-phase PFC
rectifier performance tremendously due to its simple structure
and robust design [10]–[14]. Therefore, PI control is still
the easiest and most feasible controller in a wide range of
operating conditions and consumes more than 90 percent of
the control algorithm [15], [16].
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Two control loops are mainly existing in the three-phase
boost PFC rectifier control configurations: (1) Inner active
and reactive current control (2) Outer DC voltage con-
trol to retain stable DC-link voltage under unbalanced and
distorted voltage conditions [17], [18]. It is worth noting
that the PI controller is not sufficient for the inner current
loop to suppress the THD, particularly 5th and 7th order
harmonics. Therefore, PI controller needs to be combined
with some other control techniques, like repetitive control
(RC) [19]–[23]. However, it increases the design complexity
due to multi-control loops, which can hardly be handled with
conventional design methods [24]. Therefore, an optimiza-
tion approach for multiple control loops based on a discrete
transfer function is required for the controller parameters
reliable and practical implementation.

For tuning and determining the gains of PID controllers,
several empirical strategies such as Ziegler-Nichols (ZN) and
Cohen-Coon have been proposed [25], [26]. However, it is
often hard to tune PID parameters using these strategies
due to the oscillatory set-point responses, substantial time
delay, and hence may not produce satisfactory closed-loop
responses. For such reasons, empirical strategies do not
yield optimal results. These issues are effectively tackled
in literature with nature-inspired algorithms. For instance,
genetic algorithm (GA) [27]–[32] and particle swarm opti-
mization (PSO) [33]–[37] have been successfully applied for
parameter optimization in PFC and active power filter (APF)
systems. The aforementioned literature addresses parameter
optimization for the PFC system and mainly focuses on
the PI control parameter optimization. A couple of studies
suggested integrated control of PI and RC for improving
harmonics suppression capability [18]–[21], however leading
to multiple control loops, which makes control parameters
optimization more complex.

GA is one of the widely adopted optimization approach
for control parameter optimization [38]. It provides efficient
solutions for parameter and system identification, mainly due
to its simplified approach. Furthermore, GA has a simulta-
neous search method that mimics natural genetic operations;
thus, GA approach is typically quicker [39]. Meanwhile,
GA can effectively implementable for parameter optimiza-
tion problems whose transfer functions are based on both
continuous or discrete domain [40], [41]. Therefore, in this
study, PI and repetitive control parameters of a three-phase
boost PFC rectifier is optimized using a standard genetic
algorithm (SGA).

Other than the optimization algorithm, the three-phase
boost PFC rectifier performance is also influenced by the
objective function. The most commonly used integral-based
objective functions for PID controller parameters optimiza-
tion are integrated absolute error (IAE), integrated squared
error (ISE) and integrated time multiplied squared error
(ITSE) [42]–[44]. Although these integral functions may
reveal the control system optimization, the initial error would
substantially affect the value of the ISE and IAE. Thus,
it contributes to high-frequency resonance, poor steady-state

characteristics and longer settling times (ts). Meanwhile,
ITSE can overcome the drawback of ISE criterion, but
detailed and thorough analysis has shown that the %Mp
percentage was high in studies using ITSE [45]–[48].
To address integral-based objective function issues, Zwe-Lee
Gaing (ZLG) proposed a time-domain objective function
based on the combination of dynamic performance indices
Mp, tr , ts and Ess [49]. However, ZLG objective func-
tion improves the efficiency of PI controller at the cost of
high peak time (tp) and ts [49]–[51]. Furthermore, control
parameters optimization using ZLG objective function is
based on single weighting factor β and consequently pro-
vides one degree of freedom (DOF) for parameters optimiza-
tion. Although, the ZLG objective function is one of the
most widely used objective function, which shows signifi-
cant performance for tuning PI controller for various sys-
tems [30], [50]–[55]. However, since the objective function
is based on the combination of dynamic performance indices
Mp, tr , ts, and Ess, it is effective for single control loop
PI parameters optimization, primarily for the outer voltage
loop. As the three-phase boost PFC rectifier contains multiple
control loops, particularly after adopting the PI-repetitive
controller for the inner current loop, the design parameters
need to be further optimized. Hence, to overcome the ZLG
objective function disadvantages for parameter optimization
mainly because of the limited degree of freedom (DOF) in
multiple control loops, this paper improves the ZLG objec-
tive function by two DOF. The proposed objective function
introduces an additional weighting factor termed as emphasis
factor γ .
This study performs inner current loop (PI-RC) parameters

and outer voltage loop (PI) parameters optimization under
a fixed loading condition using SGA, termed as SGA-PIR
controller. Furthermore, in demonstrating how to employ the
SGA-PIR controller to get the optimal controller parame-
ters for a three-phase boost PFC rectifier. Two evaluation
functions have also been proposed to examine whether the
proposed method has better control performance in terms of
THD reduction and improving dynamic performance indices.

Following the discussion above, the authors are encour-
aged to undertake the currently proposed research with the
novelties mentioned below:

1) Previous work is primarily based on the parameter opti-
mization of the PI controller only. However, this paper
proposed parameter optimization of both PI and repet-
itive controller. Furthermore, for a three-phase boost
PFC system, the existing ZLG objective function is
modified by adding two degrees of freedom to optimize
the PI and RC parameters effectively. Thus, improving
controller performance in terms of THD reduction and
dynamic performance indices.

2) ZLG and other objective functions such as IAE, ISE
and ITSE have limitations since these functions are
primarily adopted for the control parameters opti-
mization for the single control loop only. However,
by introducing two degrees of freedom, the proposed
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FIGURE 1. Topology for three-phase two-level boost PFC rectifier.

methodology has provided flexibility for control
parameters optimization of multiple control loops.

3) Two evaluation functions have also been proposed to
verify the effectiveness of the proposed SGA-PIR con-
troller.

4) Simulations are intensively performed to validate new
objective function, mainly for the second DOF empha-
sis factor γ . Besides, PI and RC optimized results are
also compared with ISE, IAE, ITSE and ZLG objective
functions using the SGA approach for a fair compari-
son. The comparative results demonstrate the superi-
ority of the proposed objective function. The stability
performance of the proposed SGA-PIR controller was
methodically investigated using Nyquist and Bode plot
analysis.

5) Finally, experimental test results for dynamic perfor-
mance analysis (Mp, tr , ts and Ess) and THD are also
provided on a 5kW laboratory based three-phase boost
PFC rectifier. The experimental tests are based on
the best tuned controller parameters results and thus,
the purpose is to validate the effectiveness of the pro-
posed SGA-PIR controller. The results justified the
feasibility of the proposed SGA-PIR controller tuning
method.

II. THREE-PHASE TWO-LEVEL BOOST PFC RECTIFIER
AND ITS MATHEMATICAL MODEL
The circuit topology of the three-phase two-level boost PFC
rectifier is shown in Fig. 1. In this study, the proposed
methodology is implemented on a three-phase PFC recti-
fier that mainly adopts the boost inductor and is a typical
structure in the PFC topology. Therefore, the LCL-based
filter used to suppress the switching ripples are common in
grid-connected converters such as new energy generation or
active power filter (APF) and hence not considered in this
case.

To discuss the working principle of a three-phase boost
PFC rectifier. The mathematical model of the system must
be established [1], [2]. Then, the static abc coordinate sys-

tem corresponding to the three-phase system is applied
using Clark transformation. Similarly, the dq coordinate sys-
tem obtained by Park transformation [56], [57] has greatly
reduced the system control loop design complexity and
improves the system response speed.

The three-phase boost PFC rectifier state-space equation
in the three-phase stationary coordinate system [1], can be
written as

L
dia
dt
= ea − Ria −

2Sa − Sb − Sc
3

Vdc

L
dib
dt
= eb − Rib −

2Sb − Sa − Sc
3

Vdc

L
dic
dt
= ec − Ric −

2Sc − Sa − Sb
3

Vdc

C
dVdc
dt
= Saia + Sbib + Scic − iL

(1)

where ea, eb, and ec are the three-phase input voltages ia,
ib, and ic represent the three-phase input currents. Similarly,
La = Lb = Lc = L represents the three-phase AC side filter
inductor; and Ra = Rb = Rc = R denotes the corresponding
filter inductor parasitic resistances. Vdc is the output DC volt-
age and RL is the load resistance.Cdc is the DC-link capacitor
with parasitic resistance Rdc connected to the rectifier DC
side, where iL = idc = Vdc/RL denotes the load current.
Correspondingly, Si(i = a, b, c) represents the bridge leg
switching function, where Sa = 1 defines S1 is on, and S2
is off. Similarly, Sa = 0 defines S1 is off, and S2 is on.
By transforming (1) into a two-phase dq coordinate sys-

tem [57], the (2) can be obtained as
L
did
dt
= ed − Rid + ωLiq − SdVdc

L
diq
dt
= eq − Riq − ωLid − SqVdc

C
dVdc
dt
=

3
2
(Sd id + Sqiq)− iL

(2)

where ω = 100π rad/s corresponds to the sinusoidal input
voltage angular frequency, ed , eq denotes the active and
reactive voltage components in the dq coordinate scheme,
respectively. Similarly, id , iq denote the active and reactive
current components, and Sd , Sq represents the dq coordinate
system switching functions, respectively.

A. INNER CURRENT LOOP PARALLEL PI-REPETITIVE (PIR)
CONTROLLER DESIGN
The inner current loop aims to minimize the line-side current
harmonics and keep close unity power factor with the PIR
controller. PI controller with dq current reference is model
initially. Then the parallel structure PI-repetitive controller is
used to improve THD [19], [23]. Current loop Ldid/dt and
Ldiq/dt in (2) can be expressed as

L
did
dt
= ed − Rid + ωLiq − Vd

L
diq
dt
= eq − Riq − ωLid − Vq

(3)
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FIGURE 2. The equivalent block diagram of the inner current loop.

where Vd = SdVdc and Vq = SqVdc denote the manipulating
variables of the d-axis (active) and q-axis (reactive) current.

From (3), it is clearly shown that the d-axis and q-axis cur-
rent dynamics of the three-phase PFC rectifier are nonlinear
and have strong coupling. Hence current regulator, after being
adopted by the PI controller, the decoupled d-axis (active) and
q-axis (reactive) current equations, id and iq can be written
as [34] 

id =
(KPi +

KIi
s )(id

∗
− id )

Ls+ R

iq =
(KPi +

KIi
s )(iq

∗
− iq)

Ls+ R

(4)

where KPi, KIi is the inner current loop proportional and inte-
gral coefficient. Similarly, id and iq respectively are the active
and reactive current; id∗ and iq∗ are the reference currents in
dq coordinate system. The denominator term Ls + R shows
the AC internal plant model for the three-phase boost PFC
rectifier inner current loop.

Based on (4), the inner current loop can be designed in the
closed-loop form as shown in Fig. 2, where ix,dq is the output
current and ix∗, dq is the reference current in dq reference
frame. Similarly, GI (s) and GP(s) respectively represent the
PI controller and AC internal plant model transfer function.
As referred to [58], for real-time implementation in the digital
controller such as DSP, a first-order delay block GD(s) is
considered as illustrated in Fig. 2. Similarly, the same PI
parameters for both dq current quantity is examined. Hence,
ix,dq and ix∗, dq are referred to both d-axis (active) and
q-axis (reactive) current quantity. In fact, to achieve close
unity power factor, the reactive current iq must be zero.
Therefore, iq∗ = 0 and by the outer voltage loop controller,
id∗ will be determined [34]. Hence, further analysis has been
carried out by considering ix,dq = id and ix∗, dq = id∗,
thus making the investigation simpler and straightforward.
Moreover, the considered assumption does not influence the
dynamic response or stability of the system.

To improve the harmonics suppression capability of
a three-phase boost PFC rectifier. Parallel structure
PI-repetitive controller can be designed for the overall inner
current loop as shown in Fig. 3, whereGRC (z) is the repetitive
controller, GPD(z) is the embedded transfer function for both
internal plant model and delay transfer function. Similarly,
GIRC (z) is the transfer function of parallel structure PI and
repetitive controller, irr (z) is the error current and is defined
as id∗(z) − id (z). Furthermore, the disturbance signal ixk (z)
is transferred equivalently to the output side of GPD(z) for
convenience.

TABLE 1. System parameters of three-phase boost PFC rectifier.

FromFig. 3, we can infer that the relationship for the output
current can be expressed as

id (z) =
GPD(z)GIRC (z)

1+ GPD(z)GIRC (z)
i∗d (z)

+
1

1+ GPD(z)GIRC (z)
ixk (z) (5)

where ixk (z) is the disturbance current and id∗(z) is the d-axis
reference current. According to (5), overall inner current
closed-loop transfer function GCLi(z) from id (z) and id∗(z)
can be expressed as

GCLi(z) =
id (z)
id∗(z)

=
GPD(z)GIRC (z)

1+ GPD(z)GIRC (z)
(6)

where

GIRC (z) = GI (z)+ GRC (z)

From Fig. 3, the transfer function of the repetitive con-
troller GRC (z) is defined as

GRC (z) =
z−NKrzmS(z)
1− Q(z)z−N

(7)

where KrzmS(z) is a compensator used for amplitude and
phase compensation. Among them, Kr is the repetitive con-
troller gain, zm is a leading element compensating the delay
of phase, S(z) is a low-pass filter used to filter out high-
frequency interference components, respectively. Similarly,
Q(z) is a filter constant used to solve the object model inac-
curacies and boost system robustness. N is the coefficient
and is defines as fsw/fL . Thus, within one repetitive control
cycle, there are N = 320 error samplings. Among five
repetitive controller parameters, Kr , m, S(z), Q(z), N , two
of them S(z), N are mainly based on the system parameters,
as mentioned in Table 1. Moreover, Q(z), N can be easily
calculated analytically. Whereas Kr , zm, Q(z) are difficult
to find analytically and primarily based on a trial-and-error
approach.

Hence, the parameter S(s), which can calculate analyti-
cally, is simply a second-order low-pass filter and is defined
as

S(s) =
ω2
n

s2 + 2ξωns+ ω2
n

(8)
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FIGURE 3. Implementation of parallel structure digital PI-repetitive controller for overall inner current loop of a
three-phase PFC rectifier system.

where ωn is the corner angular frequency, ξ is the damping
ratio. The system will compensate harmonic currents within
50 times and since the fundamental frequency is fL = 50 Hz;
therefore, the corner frequency fn = 50 × 50 = 2.5 kHz,
ωn = 5000π rad/s with the damping ratio ξ = 0.707 is
selected. Thus, the discretization of S(z) with fsw = 16 kHz
can be written as

S(z) =
0.1245z2 + 0.249z+ 0.1245

z2 − 0.7845+ 0.2826
(9)

The characteristic polynomial of the overall inner current
loop controller is defined using (6) as

1+ GPD(z)GIRC (z) = 0 (10)

By substituting the value of GRC (z) from (7) into (10), the
following equation can be obtained [21]

2 = [1− z−NQ][1+ GI (z)GPD(z)]

+ z−NKrzmS(z)GPD(z) = 0

= [1+ GI (z)GPD(z)]
{
1− z−N [GPR(z)]

}
= 2122 (11)

where

GPR(z) = Q(z)− S(z)Krzm
GPD(z)

1+ GI (z)GPD(z)

In the following (12)-(13),21 and 22, respectively, are
the expressions for the PI controller alone, PI-repetitive con-
troller and can be defined as

21 = [1+ GI (z)GPD(z)] (12)

22 = 1− z−N
[
Q(z)− S(z)KrzmGPIi(z)

]
(13)

whereGPIi(z) is an inner current closed-loop transfer function
without a repetitive controller, expressed as

GPIi(z) =
GPD(z)

1+ GI (z)GPD(z)
(14)

Equations (6), (12)-(14) have derived for two conditions:
(1) when PI controller is used alone (2) with parallel struc-
ture PI-repetitive controller. These conditions are used for
measuring THD, power factor, and stability analysis within
the unit circle. Besides, (12)-(14) revealed that when parallel

PI-repetitive control structure is adopted, the necessary and
sufficient condition for the stability of the system constitutes
that the poles of the closed-loop transfer function, i.e., roots
of both terms21 and22must be located inside the unit circle,
defined using [19]∣∣∣z−NQ(z)− z−NS(z)KrzmGPIi(z)∣∣∣ < 1 (15)

The roots 1 + GI (s)GPD(s) = 0 requirement can
be fulfilled by adequately selecting the GPIi(z) controller
transfer function and thereby ensuring that the condition∣∣z−NQ(z)− z−NKrzmS(z)GPIi(z)∣∣ < 1 is met for the stability.
Then, by realizing z = ejω, the condition can be simplified
using small gain theorem [18] and can be expressed as∣∣∣Q(ejωt )− KrejmωtS(ejωt )GPIi(ejωt )∣∣∣ < 1

ω ∈ [0, π/Ts] (16)

Define H (ejωt ) = Q(ejωt )− KrejmωtS(ejωt )GPIi(ejωt ) such
that the end of the vectorH (ejωt ) should never exceed the unit
circle.

B. VOLTAGE LOOP PI CONTROLLER DESIGN
The outer voltage loop PI controller has been used to ensure
the DC link voltage dynamic stability due to line voltage
fluctuation or step load variation.

From (2), the outer voltage loop equation can be expressed
as

C
dVdc
dt
=

3
2
(Sd id + Sqiq)− iL (17)

The PI form of the outer DC voltage controller can be
written as follows

C
dVdc
dt
= KPv(Vdc∗ − Vdc)+

KIv
s
(Vdc∗ − Vdc) (18)

where KPv and KIv is the proportional and integral coefficient
of the outer voltage loop PI controller. Vdc is the output DC
voltage and Vdc∗ is the reference output DC voltage.
The control block diagram of the outer voltage loop using

PI controller is shown in Fig. 4. Suppose, iσ is the amplitude
of the input three-phase current, where ‘σ ’ is the modulation
degree of the PWM wave. Then the current id is assumed to
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FIGURE 4. The equivalent block diagram of the outer voltage loop.

FIGURE 5. Complete control structure of three-phase PFC rectifier system
with inner current control loop and dq axes decoupler.

follow the given reference current value id∗ entirely with the
output of the outer loop controller having the magnitude of
the input current iσ . Hence, id∗ is taken as the given value of
the inner current loop, thus realizing the double closed-loop
control of voltage and current for a three-phase PFC rectifier.

According to Fig. 4, by neglecting load current iL , the over-
all voltage closed-loop transfer function in discrete domain
representation GCLv(z) can be expressed as

GCLv (z) =
Vdc(z)
Vdc∗(z)

=
Gv(z)GCLi(z)GPo (z)

1+ Gv(z)GCLi(z)GPo (z)
(19)

where GCLi(z), GPo(z), respectively, in the discrete domain
represents the inner current closed-loop transfer function
and the external plant model transfer function with parasitic
resistance Rdc. Similarly, Gv(z) is the PI controller transfer
function for the outer voltage loop. Correspondingly, from
Fig. 4, the discrete transfer function from Ess(z) to V ∗dc(z) can
be derived as

Ess(z) = V ∗dc(z)− Vdc(z) =
V ∗dc(z)

1+ Gv(z)GCLi(z)GPo (z)
(20)

where Ess(z) is the error function in the discrete domain. The
overall control structure of the three-phase boost PFC rectifier
is shown in Fig. 5.

In the aforementioned analysis, the bilinear transformation
has been used to convert the transfer function of the PI
controller for both inner current and outer voltage control
loops from continuous domain to discrete domain formulated
as

GPI (z) = KP +
KI
s
= KP + KI/

2
Ts

1− z−1

1− z−1
(21)

The conventional method of parameter tuning is based on
many assumptions and simplifications; the inner current and
outer voltage loop control parameters need to be designed
separately. Then, the PI and repetitive controller parameters

must be changed in a wide range according to the designer’s
expertise. In general, obtaining the system controller param-
eter values using the traditional method [24] make the opti-
mum result difficult and time-consuming. Since it requires
numerical procedure and simulation process with a trial-and-
error approach. Therefore, this study proposed a new objec-
tive function to speed up the tuning process of PI-repetitive
controller parameters of a three-phase boost PFC rectifier
using SGA-PIR controller, described in the following section.

III. PROPOSED OBJECTIVE FUNCTION FOR PI AND RC
CONTROLLER PARAMETERS OPTIMIZATION
A. MATHEMATICAL FORMULATION OF THE PROPOSED
OBJECTIVE FUNCTION
The three-phase boost PFC rectifier performance is evaluated
based on the dynamic performance indices (Mp, tr , ts andEss),
minimum THD and close unity PF. Three commonly used
integral-based objective functions applied in a control param-
eter optimization are ISE, IAE and ITSE [42]–[44]. These
integral-based objective functions are defined as follows [43]

ISE =

tsim∫
0

e2(t)dt (22)

IAE =

tsim∫
0

|e(t)|dt (23)

ITSE =

tsim∫
0

te2(t)dt (24)

where tsim is the simulation duration and e(t) = y∗(t) − y(t)
is the error signal.

Meanwhile, in literature [30], [50]–[55], widely adopted
time-domain objective function has been proposed by
Zwe-Lee Gaing (ZLG) and is defined as [49]

ZLG = (1− e−β ).(Mp + Ess)+ e−β (ts − tr ) (25)

where β is a weighting factor whose ranges vary from 0.5
to 1.5. From (25), it is observed that ZLG objective function
is primarily based on the dynamic performance indices (Mp,
tr , ts and Ess), which can mainly adequate for the parameter
optimization of a single voltage loop PI controller. How-
ever, a system such as the three-phase PFC rectifier con-
tains two control loops, i.e., inner current and outer voltage
loop. Therefore, the ZLG objective function does not provide
flexibility due to limited DOF for parameters optimization
of multiple control loops. In addition, research has shown
that the optimization of parameters using the ZLG objective
function, ts and tp were high [49]–[51]. Hence, to overcome
the disadvantage of the ZLG objective function, a new per-
formance criterion based on the ZLG objective function is
proposed in this paper and is defined as follows:

min θ : stabilizing R(θ) =
[
α(Mp + Ess)+ (1− α)(ts − tr )

]γ
(26)
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where θ is [Kr , m, Q(z), KPi, KIi, KPv, KIv], α is the
weighting factor and γ is the emphasis factor with ranges
α, γ ∈ [0.1, 0.9]. Similarly, Mp, Ess respectively represents
the overshoot and steady-state error, tr , ts, respectively, char-
acterizes the rise time and settling time. Moreover, tr is
the time needed to increase the response from 10% - 90%
and ts is the time expected to settle within 5% of the out-
put parameter [59]. The value of α can set to greater than
0.5 to minimize steady-state error and overshot. Conversely,
decreasing the value of α from 0.5 will reduce the tr and
ts. Similarly, γ is the emphasis factor influences the weight-
ing factor α for the controller parameters optimization of
multiple control loops and will define the solution space.
In fact, the multiplying weighting factor α ranging [0.1, 0.9]
in (26) is based on the same conversion factor 1 − e−β with
β ∈ [0.8, 1.5] used in (25) and hence will not influence
the dynamic performance indices multiplying factor (Mp +

Ess), (ts − tr ) respectively. Therefore, it is noteworthy that
the modified ZLG objective defined in (26) is presented
in a more simplified form with two DOF. Consequently,
it can provide more flexibility for controller parameters
optimization.

Although using (26) may cause ambiguity with the inner
current loop parameters since the objective function mainly
reflects the outer voltage control loop dynamic character-
istics Mp, tr , ts and Ess. However, suppose two separate
objective functions are considered for both inner current
and outer voltage loop. In that case, the design complexity
will increase many folds, especially giving different weights
to different objective functions. Therefore, it is more con-
venient and straightforward to use a single objective func-
tion with two DOF for both control loops. Moreover, the
analysis is justifiable since Ess used in (26) is based on
(20), which contains the error transfer function including
the inner current loop controller parameters. Besides, it’s
a hybrid approach; once the controller parameter values
are found using the proposed objective function, the results
are subsequently analyzed using simulation for PF, THD
and dynamic performance indices. Hence, if the simula-
tion result is not satisfactory, then (26) is penalized with a
higher degree of emphasis factor γ and check the system
performance.

Therefore, by properly using the value of weighing factor
α and emphasis factor γ , the performance criterion R(θ )
can satisfy the designer requirements. In this paper, a higher
priority is considered for Mp + Ess. In fact, the controller
performance characteristics such as steady-state error (Ess)
and overshot (Mp) are more critical and sensitive for any
system disturbance or grid fluctuation and may damage the
system. Therefore, in this study, the weighting factor α =
0.7 is set. Furthermore, the weighting factor value around
0.7 for (Mp+Ess) has also been found optimum in [30], [49].
Hence, the analysis has only been performed for the emphasis
factor γ ∈ [0.1, 0.9]. However, the value of weighting factor
α can be varied depending upon the designer’s requirement
and satisfaction.

TABLE 2. Max and min ranges for SGA-PIR controller.

B. CONSTRAINTS OF THE PROPOSED OBJECTIVE
FUNCTION
It is essential to optimize the control system parameters by
adequately setting the lower and upper limits of PIR con-
troller gains. The boundaries to be used in the problem of
optimization are therefore defined as follows

KPi,KIi,KPv,KIv,m,Q,Kr ∝ (min,max) (27)

wheremin andmax, respectively, represent the minimum and
maximum gain values of the PIR controller.

In this study, to find the optimal PIR controller gains and
make an effective comparison with other objective functions,
min and max ranges of the controller gains are defined
in Table 2. Indeed, the parameters [Kr ,m,Q(z)] ranges for the
repetitive controller have been set according to the investiga-
tor’s analysis and recommendations [19]–[23]. Such as, Kr
is a repetitive controller gain and its larger value ensures fast
system response, but if it is too large, it will make the system
unstable. Therefore, Kr (0 < Kr ≤ 2) has been set. Similarly,
zm is the phase compensator used to compensate for the phase
delay of the control system in the low-frequency region and
thus, m(2 < m ≤ 8) is sufficient. Likewise, Q(z) enhances
the robustness by slightly attenuating the integration action,
which can be a constant and set between (0.9 < Q(z) ≤ 0.99).
Conversely, using the Ziegler-Nichols method [26], PI gain
values are generated as a starting point.

IV. EVALUATION FUNCTION FOR THE DOUBLE
CLOSED-LOOP PIR CONTROLLER
A three-phase PFC rectifier is composed of two control loops.
Therefore, two evaluation functions are proposed to evaluate
the optimized PI and RC parameter values in terms of THD
reduction and dynamic performance indices improvement.

The inner current loop with a parallel structure
PI-repetitive controller aims to provide a close unity power
factor with the total harmonic’s distortion of less than
5% [60]. Therefore, the evaluation function Ji has been
mainly designed for evaluating THD results. The evaluation
function for the inner current loop Ji can be defined as

Ji =
lf

Tf
lf∑
k=0

eTHDk

(28)

where eTHD = THDref − THDsim is the THD error, Tf is the
total test frequency for measuring THD, and lf is the length

VOLUME 9, 2021 58899



M. S. Ali et al.: Performance Improvement of Three-Phase Boost PFC Rectifier

of test frequency interval. In this analysis, Tf = 1000 Hz
and lf = 2.5 Hz are considered. The reference value for
THDref is set as 5%, whereas THDsim is the simulated value
of THD.Moreover, the optimized controller parameter values
are verified using fast Fourier transform (FFT) analysis to
measure the THD and thus, the negative value of Ji shows
that THD > 5%.
Similarly, to calculate themaximumvalue of the evaluation

function, (28) can be defined as

J ′i =
1
Ji

(29)

Meanwhile, the evaluation function for the outer voltage
loop can be defined as the reciprocal of objective function
R(θ ), written as

Jv =
1

R(θ)
(30)

where R(θ ) is defined in (26), which characterizes the over-
all SGA-PIR controller performance criteria. The evaluation
functions J ′i and Jv are described in the reciprocal form, which
implies that the smaller the value of Ji and R(θ), the higher
its evaluation value.

The approaches mentioned above (sections III-IV) can
reduce the complexity of the multi-optimization problem
in a way that instead of using multiple objective func-
tions for optimizing controller parameters. A single objective
function (26) and two evaluation functions (28), (30) can
effectively optimize and estimate the performance of PIR
controller parameters.

V. IMPLEMENTATION OF PIR CONTROLLER USING SGA
A. SGA IMPLEMENTATION
In this paper, to improve the THD and dynamic response
characteristics (Mp, tr , ts and Ess) of a three-phase boost
PFC rectifier, the proposed objective function R(θ ) is imple-
mented using a standard genetic algorithm (SGA), also called
SGA-PIR controller. As one of the heuristic algorithms, GA is
a search and selection algorithm based on the principle of
natural evolution and population genetics [38]. It consists
of three parts: encode and decode, assessment of fitness
and iteration of evolution. In addition, replication, crossover,
mutation and even inversion are included in the evolution
iteration [39].

A population of individuals such as xi (i = 1, . . . , n),
where n denotes the population size, is maintained by SGA.
Each individual is a possible solution to the problem. Fur-
thermore, to provide a measure of fitness, individuals are
tested. Then, the fitter individual’s selection produces a new
population iteration n+1 (selection step). Moreover, because
of crossover and mutation operators to create new solutions,
certain individuals in the new population are undergoing
the phase of evolution. The search converges after several
generations and, if efficient, the best solution for an individual
is the optimal solution.

In this case, there are seven unoptimized controller param-
eters in θ ; therefore, SGA will find the best solution for each

FIGURE 6. Flowchart of SGA implementation.

parameter in a solution space and as there are n individuals
in a population. Hence the population dimension is n×7. All
the biological terms or operators in SGA, such as selection,
crossover andmutationwill be implemented in themathemat-
ical form, as shown in Fig. 6.

B. IMPLEMENTATION OF THE PROPOSED SGA-PIR
CONTROLLER WITH SIMULATION PROCEDURE
The proposed SGA-PIR controller is used to determine the
five optimal parameters [Kr , m, Q(z), KPi, KIi] for the inner
current loop. Similarly, two optimal parameters [KPv, KIv] for
the outer voltage loop, so that a good step response output
could be obtained from the controlled system.

The step-by-step procedure for implementing and validat-
ing the SGA-PIR controller is given below.
Step 1: Set the minimum and maximum ranges for the con-

troller parameters [Kr , m, Q(z), KPi, KIi, KPv, KIv] according
to Table 2, as specified in section III-B. SGA-PIR controller
will provide optimal parameter values by considering these
ranges.
Step 2: According to the analysis discussed in

section III-A, set the value of weighting factor α = 0.7
in (26). Similarly, instead of changing the number of iter-
ations and other SGA settings, only the emphasis factor γ
varies from 0.1 to 0.9. SGA is used with various parameter
settings, as listed in Table 3.
Step 3: Once the PIR controller parameters value are

obtained, employ the Nyquist graphical technique for the
inner current loop controller parameters to test the open-loop
stability within the unit circle H (ejwt ) < 1 mentioned
in (16). Furthermore, (6) and (14) have been used to test
the closed-loop stability using a bode plot for PI-RC and PI
control alone, respectively. The sufficient gain margin (GM)
and phase margin (PM) to ensure the stability of the system
are, respectively, 5dB to 10dB and 450 to 600 [61]. Therefore,
the same stability margin has been followed in this analysis,
especially the PM of 450 is sufficient as the digital controller
is employed to test the hardware.
Step 4: To verify the outer voltage loop PI parameters [KPv,

KIv], (19) has been employed to test the double closed-loop
stability with the same stability margins mentioned in
step 3. Furthermore, the necessary and sufficient condition for
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TABLE 3. Parameter settings in SGA optimization.

the overall three-phase PFC rectifier stability is that the band-
width (BW) of the inner current loop must be higher than the
outer voltage loop [23]. Using the MATLAB step response
simulation, calculate four dynamic performance criteria in the
time domain, namelyMp, Ess, tr, and ts.
Step 5: In the proposed analysis, the objective function (26)

and two evaluation functions (28), (30) are used to estimate
the controller performance. Thus, once the SGA searches the
PIR controller parameters, then J ′i and Jv are used to test
the PIR controller gain values analytically to calculate the
maximum value of evaluation functions. Simulation tool such
as MATLAB FFT analyzer is used to measure THD.
Step 6: The objective function R(θ ) is penalized with a

higher degree of emphasis factor γ if any of the criteria
mentioned in steps 3–5 is not fulfilled. However, there can
be an exception and flexibility in these criteria based on the
designer’s experience and requirements.

VI. SIMULATION RESULTS AND DISCUSSION
The three-phase boost PFC rectifier control structure is tested
to verify the proposed objective function R(θ ). The simula-
tions were performed using the MATLAB/Simulink model
(Version R2018b) and GA toolbox on an intel i7, 4 GHz pro-
cessor with 8GBRAMcomputer. In order to verify the second
DOF emphasis factor (γ ) feasibility, nine simulation exam-
ples with α = 0.7 and γ ∈ [0.1, 0.9] were performed for PIR
controller parameters optimization. The PI and RC parame-
ters optimized values for the three-phase boost PFC rectifier
are summarized in Table 4, including comparative simulation
results with existing objective functions, namely ISE, IAE,
ITSE and ZLG. The simulations have been performed based
on the system parameters mentioned in Table 1.

In the subsequent subsections, the essential findings of this
analysis are demonstrated.

A. PERFORMANCE EVALUATION FOR INNER CURRENT
LOOP
To determine the three-phase boost PFC rectifier stability
performance. Nyquist and Bode plot analysis are performed
based on PIR controller parameter values, as mentioned
in Table 4. Thus, for the inner current loop PI-repetitive con-
troller parameter results, the Nyquist plot is drawn to check
the stability condition H (ejωt ), as shown in Fig. 7. The result
shows thatH (ejωt ) trajectories are inside the unit circle evalu-
atedwith different emphasis factors γ . Furthermore, as shown

FIGURE 7. Nyquist plot H(ejωt ) using different values of
γ = [0.1,0.3,0.6,0.9].

FIGURE 8. Open loop magnitude curves (a) with emphasis factor γ ∈ [0.1,
0.9] (b) comparison with gains |GPD(ejωt )|, |GI (ejωt )GPD(ejωt )| and
|GRC (ejωt )GPIi (ejωt )| using γ = 0.3.

in the summarized results in Table 4, the best-optimized result
in terms of lowest %THD has to be found at γ = 0.3.
From the comparative results, it is revealed that among three
integral-based objective functions, only ITSE has THD value
less than 5% compared to ISE and IAE objective functions.
Because the convergence speed in time and reached global
minimum values for ITSE is better than ISE, IAE objective
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TABLE 4. Summarized simulation results for SGA-PIR controller parameters.

FIGURE 9. Open and closed-loop bode diagram (a) inner current loop
(b) outer voltage loop.

functions. On the other hand, although ZLG shows some
performance with THD < 5%; however, compared with the
proposed objective function R(θ ), the THD value has been
much reduced using γ = 0.3. Hence, the results clearly
demonstrate the effectiveness and superiority of the proposed
objective function R(θ ) after adopting the second DOF γ .
Close unity power factor has also been achieved in all cases.

FIGURE 10. Three-phase PFC rectifier simulation results with PI controller
(a) Three-phase line current (b) THD Analysis.

Fig. 8(a) shows the open-loop gain for the inner current
loop with γ ∈ [0.1, 0.9] values. Similarly, Fig. 8(b) shows
the open-loopmagnitude plot at γ = 0.3 for respectively, PIR
controllerGRC (ejωt )GPIi(ejωt ), PI controller with plant model
GI (ejωt )GPD(ejωt ), and the plant model GPD(ejωt ) only. The
simulation results indicate that the PI-repetitive controller has
the highest gain at the fundamental frequency, thus improving
harmonic suppression capability compared with PI control
alone.
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FIGURE 11. Three-phase PFC rectifier simulation results with parallel
structure PI-repetitive controller (a) Three-phase line current (b) THD
analysis.

Fig. 9(a) and (b) show the open-loop (GOLi, GOLv) and
closed-loop (GCLi, GCLv) magnitude bode diagram for the
inner current and outer voltage loop based on PI-RC param-
eter values at γ = 0.3. Fig. 9 shows that GM and PM are
higher than 5dB and 600, respectively. Hence, it fulfilled the
necessary and sufficient conditions for the system’s stability
mentioned in steps 3, section V-B.

Fig. 10 and Fig. 11, show the simulation results of
three-phase current waveforms and THD results using PI
controller and PI-repetitive controller, respectively. The result
shows that the THD value of the three-phase PFC rectifier
with PI controller alone is 7.09%, which is higher than the
desired THD < 5%. Conversely, when SGA-PIR controller
using emphasis factor γ = 0.3 is adopted, THD value
is reduced to 1.82%. Hence, the results revealed that by
using the proposed objective function R(θ), the inner cur-
rent PI-repetitive control parameters optimization had better
performance and reduced analytical processes, especially for
the repetitive controller. Figures 10b and 11b also shown the
dominance of 5th and 7th order harmonics.

B. PERFORMANCE EVALUATION FOR THE OUTER
VOLTAGE LOOP
The purpose of the outer voltage PI control loop is to
ensure the system dynamic stability in case of any step load

FIGURE 12. Step load voltage response simulation results for dynamic
performance indices based on table 5 parameters (a) proposed SGA-PIR
controller (b) other objective functions using SGA.

variation. The main dynamic performance indices used in
this paper for the evaluation purpose are Mp, tr , ts and Ess.
Hence, using (19), MATLAB simulations have been per-
formed with step load function based on the PI controller’s
optimized values for the outer voltage loop, summarized
in Table 4. Fig. 12(a) shows the step load voltage response of
the three-phase boost PFC rectifier from no load to full load
i.e., RL = 98�. Moreover, Fig. 12(b) shows the comparative
step load response results with ISE, IAE, ITSE and ZLG
objective functions controller parameters values asmentioned
in Table 4.

Table 5 summarizes the dynamic performance for the
three-phase boost PFC rectifier. Table 5 shows that at γ =
0.6, Jv has the highest evaluation value, mainly because of the
minimum overshoot. However, from the analysis mentioned
above, the minimum%THD is achieved using γ = 0.3. Thus,
it is observed that at different values of emphasis factor γ .
There is a trade-off between %THD and dynamic perfor-
mance indices such as maximum overshootMp. Even though
%Mp using γ = 0.3 is higher than emphasis factors γ = 0.6.
However, the overshoot value is still 110.8V compared with
74.2V for γ = 0.6, which is acceptable and safe considering
a PWM switch voltage rating of 1200V.
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FIGURE 13. Hardware module (a) PFC rectifier with DSP controller board (b) Experimental setup for testing hardware.

TABLE 5. Dynamic performance indices for double closed PIR controller.

Table 5 also shows the comparative analysis of the pro-
posed objective function with other objective functions for
dynamic performance indices. The results revealed that
SGA-ITSE has the highest Mp compared with proposed and
other objective functions. Correspondingly, ts value using
the ZLG objective function is higher. Hence, the results also
justified the drawback of the ITSE and ZLG objective func-
tions described in the previous sections. Summarized results
in Table 5 also indicate that dynamic performance indices
Mp, ts and tr are sensitive for the PI control gain (KPv, KIv)
variation used for the outer DC voltage regulation. Since a
small change in PI gain values, as mentioned in Table 4,
can cause a significant change in controller performance.
Therefore, parameter ranges such as mentioned in Table 2 are
critical to ensure the proposed SGA-PIR controller stability
and better performance. Furthermore, to evaluate the dynamic
performance indices with other objective functions, the same
evaluation function (30) is used without emphasis γ . The
assumption is also justifiable since the SGA method is also
used for comparative analysis.

Table 6 summarizes the percentage improvement in
dynamic performance indices (Mp, tr , ts, Ess) and THD using

TABLE 6. Percentage improvements using proposed SGA-PIR controller
compared with other objective functions.

γ = 0.6 and 0.3, respectively, for the proposed objective
function with other objective functions. The negative sign
shows at γ = 0.6; only ts value is higher than other objec-
tive functions. Hence, the proposed controller proved better
control performance in terms of THD, Mp and tr at the cost
of increased settling time ts. It is also noteworthy that ts is
higher with γ = 0.6, though minimum ts is achieved at
γ = 0.9. Hence, it is observed that different values of γ can
provide flexibility and be selected based on system designer
requirements and priority-based approaches.

VII. EXPERIMENTAL RESULTS
Three-phase boost PFC rectifier experiments were per-
formed using the system parameters mentioned in Table 1.
Fig. 13(a) demonstrates the three-boost PFC rectifier proto-
type hardwarewith an embeddedDSP controller board imple-
mented with a TMS320F28335 DSP from Texas Instruments.
Fig. 13(b) shows the experimental setup layout, including a
chromeAC programmable source to protect the hardware and
equipment.

A. STEADY-STATE PERFORMANCE FOR THD ANALYSIS
Figure 14 (a) shows the three-phase currents ia, ib, ic wave-
forms of the three-phase boost PFC rectifier with PI controller
alone. Fig. 14(c) shows FFT analysis of the line current ia
for THD evaluation. In this case, the experimental results
are carried out based on PI parameters KPi = 9.3, KIi =
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FIGURE 14. Experimental waveforms using optimized parameters based on emphasis factor γ = 0.3 (a) Three-phase current with PI controller
alone (b) with PI-Repetitive controller (c)&(d) FFT analysis for THD measurement.

FIGURE 15. Power factor waveform for line current ia and voltage ea.

16.4, KPv = 0.22, and KIv = 4.5; optimized using (26)
without repetitive control structure. The experimental result
shows that with PI control alone, the %THD value
is 6.64%.

Similarly, Fig. 14(b) and (d) show the experimental results
with PI-RC. The results revealed that the harmonics are
sufficiently reduced when PIR controller optimized values
evaluated at γ = 0.3 are adopted. The simulated THD value
is 1.82%, whereas the experimental THD is 1.68%. More-

over, the 5th and 7th order harmonics supremacy in the THD
was demonstrated by 14(c) and (d). Although, results showed
the percentage error between the simulated and experimental
results. However, the simulation results are still very much
consistent with the experimental results.

Fig. 15 shows that the unity power factor greater than 99%
has also been achieved experimentally.

B. DYNAMIC PERFORMANCE INDICES ANALYSIS
Step load response from no load to full load i.e., RL = 98�
has been performed experimentally to verify the dynamic per-
formance indices (Ess,Mp, tr, and ts) as mentioned in Table 5.
Fig. 16 illustrates the three-phase currents (ia, ib and ic)
behaviour during the step load transition from no load to full
load at t = t1 and a reverse step at t = t2.
Fig. 17 shows the step load results using the optimized

result with (a) γ = 0.6 (b) γ = 0.3. The experimental
results for dynamic performance indices are consistent with
the simulated results described in section VI-B.

Table 7 mentioned the % error between the simulated and
experimental results. Although the % error is slightly higher
for tr and ts; however, the absolute error is small among sim-
ulated and experimental results. Moreover, the experimental
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FIGURE 16. Step load voltage response of three-phase current for dynamic performance indices
analysis.

FIGURE 17. Load voltage Vo and load current Io behavior during the step load change for dynamic performance indices evaluated (a) at γ = 0.6 (b) at
γ = 0.3.

TABLE 7. Simulated and experimental results comparison.

results for THD show better performance compared with the
simulated result, and this is because the exact discrete system
simulationmodel cannot be readily achievable; hence, a small
error always exists between the simulated and experimental
results.

VIII. CONCLUSION
This paper presents a new objective function for combined PI
and repetitive control parameters optimization using SGA for
a three-phase boost PFC rectifier. Multiple simulation exam-
ples are performed based on different emphasis factors γ to
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check the significance of the proposed objective function.
Moreover, three-phase boost PFC rectifier performance is
evaluated in terms of THD reduction and dynamic perfor-
mance indices (Mp, Ess, ts, and tr ) improvements using the
separate evaluation functions. The proposed objective func-
tion is compared with existing objective functions, namely
ISE, IAE, ITSE and ZLG. Simulation results demonstrated
that our proposed objective function outperform existing
objective functions to achieve optimized PI and RC param-
eter values. The improvement percentage of the proposed
SGA-PIR controller for THD is 59.28% compared to ZLG
at γ = 0.3. Similarly, the dynamic performance parameters
such as Mp and tr are improved by 13.03% and 2.53%,
respectively, at the cost of higher settling time when γ = 0.6
is set.

The experiment results are performed on 5kW three-phase
PFC rectifier with DSP TMS320F28335 prototype to validate
the simulation results. Thus, the hardware results verified
that using the SGA-PIR controller optimal values, THD has
been reduced to 1.68% compared with the PI controller alone.
Similarly, the percentage error between simulated and exper-
imental results for the dynamic performance analysis (Mp,
tr , ts, Ess) evaluated at γ = 0.3 are 8.6, 17.8, 12.3 and 0,
respectively; whereas at γ = 0.6, the values of dynamic
performance indices are 10.2, 8.8, 1.8 and 0. Furthermore,
it is revealed that the THD analysis evaluated at γ = 0.3 has
shown better performance, whereas dynamic performance
indices have superior results at γ = 0.6. Hence, based on
different values of γ , there is a trade-off between %THD and
dynamic performance indices.

The proposed SGA-PIR controller approach is evaluated
under fixed loading conditions. However, the controller per-
formance under different loading conditions have yet to be
explored. The proposed solution can be adopted to optimize
the multi-control loops parameters for various applications
such as renewable energy systems, grid-connected power
converters and electric vehicle battery charge systems etc.
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