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Abstract: This paper presents an optimal control method for a compact reduced switch count AC/AC
converter in an AC microgrid. The AC/AC converter is adopted to interconnect dual three-phase
renewable energy sources (RESs) and a three-phase permanent magnet synchronous motor (PMSM)
to the grid to form an example of a mixed grid-feeding-drive system. For the adopted converter,
a generalized pulse width modulation (PWM) scheme employing the third harmonic injection
and a control method are proposed. Moreover, to achieve reduced dc link voltage ripple, good
reference tracking and disturbance rejection, the gains of the controllers are optimized by minimizing
a weighted sum of different objective functions. Each objective function represents a specific aspect
to be minimized and the optimization problem is solved employing particle swarm optimization
(PSO) method, while ensuring that the total harmonic distortion (THD) of the current at the points
of common coupling (PCC) are less than 5%. For this mixed grid-feeding-drive system, simulation
results under fast transient are provided to demonstrate the applicability of the adopted converter in
the AC microgrid, the effectiveness of the proposed PWM, and the proposed optimal control method.

Keywords: microgrids; compact converter; power electronics and control; particle swarm
optimization; total harmonic distortion

1. Introduction

Nowadays, renewable energy sources (RESs) must play a major role in the world’s energy mix.
Their increase is in line with global energy policy [1]. However, their integration in the network
put challenges to be faced in order to harness them effectively. Such challenges are not limited to
power quality or stability but also can include many other aspects [2]. Interconnecting the RESs to the
microgrid requires a proper control and a management of the power flow. Various power management
and control strategies employed in DC-coupled, AC-coupled, and AC-DC-coupled microgrids were
overviewed in [3]. The overview was concluded with some recommendations highlighting the
promising power management strategies in the future microgrids. Moreover, an extensive review of
the different control strategies used to control the voltage and the frequency in the hybrid microgrids
have been done in [4] for standalone and transition modes of operation. Furthermore, optimal design
and control of such systems are of supreme importance and this is one objective of this paper.

On the other hand, the reduced switch count converters may contribute in enhancing the overall
conversion system in terms of reliability, size, weight, and cost [5–7]. Therefore, several studies have
been reported in the literature employing reduced switch count converters in different areas [5–13].
The reduced switch count has been employed in unified power quality conditioner (UPQC) using only
ten switches in [5] and using nine-switches in [8]. In [6], the reduced switch count concept has been
implemented to uninterruptible power supply (UPS) application and for variable speed electric-drive

Electronics 2018, 7, 102; doi:10.3390/electronics7070102 www.mdpi.com/journal/electronics

http://www.mdpi.com/journal/electronics
http://www.mdpi.com
https://orcid.org/0000-0001-7593-7787
https://orcid.org/0000-0002-3960-7534
http://www.mdpi.com/2079-9292/7/7/102?type=check_update&version=1
http://dx.doi.org/10.3390/electronics7070102
http://www.mdpi.com/journal/electronics


Electronics 2018, 7, 102 2 of 15

in [7,9,11], and [12]. Moreover, the reduced switch count converters have been employed to integrate
variable speed wind turbine to the grid in [10] and in a microgrid in [13].

All of the aforementioned reduced switch count converter topologies are either adopting the
nine-switch converter [14,15] or the five-leg converter [7,16]. Both converter topologies were proposed
to produce dual three-phase sets of voltages as outputs from a shared DC link. Later on, the topologies
were adjusted and modified so that they can be used in both inverting and rectifying modes of
operation [5,6,8], and [10]. Adopting reduced switch count converter in AC microgrid is the second
objective of this work.

In this paper the reduced switch count inverter, presented in [11] to independently control four
RL loads, and in [12] to drive two five-phase induction motors, is adopted and modified to be suitable
for mixed grid-feeding-electric-drive system. Primary results of the adopted converter are presented
in [13]. However, neither the optimal control design nor the electric drive have been discussed. In this
paper, a compact AC/AC converter is set up to interconnect dual three-phase RESs and a three-phase
permanent magnet synchronous motor (PMSM) to the grid. This setup is an example of a mixed
grid-feeding electric-drive system that may represent industrial facilities hosting RESs.

For the adopted converter in the AC microgrid, a generalized pulse width modulation (PWM)
scheme employing the third harmonic injection and an optimal control method are proposed.
While ensuring that the total harmonic distortion at the points of common coupling (PCC) are less
than 5% to avoid harmonic related issues, the gains of the controllers are optimized by minimizing
a weighted sum of different objective functions. Each objective function represents a specific aspect
to be minimized. The proposed objective function is a weighted sum of three objective functions,
the first measures the transient behavior of the dc link voltage, the second reflects steady state dc link
ripple, and the third one provides a balance between reference tracking and disturbance rejection
in the electric drive side converter measured by the integral of time multiply squared error (ITSE).
The three objective functions are weighted as a reflection of their priority to the designer.

The weighted sum objective function is minimized employing particle swarm optimization (PSO)
technique [17,18] to achieve good reference tracking and disturbance rejection in the grid-feeding
electric drive system under fast transient, a detailed flow-chart for the proposed tuning procedure is
provided as well, which forms the third objective of this work.

The rest of this paper is organized as follows: Section 2 presents the adopted AC/AC converter
topology with its associated generalized PWM and control method. A procedure to optimize the
controller’s gains by minimizing a weighted sum objective function employing PSO is presented in
Section 3. Under fast transient, simulation results are provided to validate the proposed work in
Section 4. Finally, Section 5 concludes the paper.

2. Compact Reduced Switch Count AC/AC Converter

The AC microgrid employing a compact converter is shown in Figure 1. The converter shown in
Figure 2 is used to interconnect dual three-phase RESs and a PMSM to the grid to form an example
of a mixed grid-feeding-electric-drive system. Such a system may represent industrial facilities
hosting RESs.

As shown in Figure 2, the last leg is the common leg in the converter. Any leg can be the common
one, but in this work the last leg is nominated without loss of generality. The adopted converter
consists of four sub-converters (converter 1, converter 2, converter 3 and converter 4); each converter
can operate either in inverting or rectifying modes of operation. The first converter is formed by
switches SH

1 , SH
2 , SH

3 , SM
1 , SM

2 , and SM
3 . Switches SH

3 , SH
4 , SH

5 , SM
3 , SM

4 , and SM
5 are forming the second

converter. The third converter is formed by switches SM
1 , SM

2 , SM
3 , SL

1 , SL
2 , and SL

3 . Moreover, switches
SM

3 , SM
4 , SM

5 , SL
3 , SL

4 , and SL
5 are forming the fourth converter.

Relying on the proposed generalized PWM scheme in the next subsection, it is possible to consider
that converter 1, converter 2, converter 3 and converter 4 perform in same fashion as four independent
three-phase converters.
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Figure 1. AC microgrid employing the compact converter.

Figure 2. Detailed power circuit for the employed AC/AC converter in Figure 1.

2.1. Generalized PWM

In order to realize the adopted converter in the AC microgrid a PWM strategy is proposed in
this section adopting the concept of the nine switch and five-leg converter’s PWM [7,9] and [14,15],
respectively. If the principle of the third-harmonic injection is employed, the reference voltage for the
ith converter (i = 1, 2, 3, 4) can be given as:

vi =
2mi√

3

 sin(θi) +
1
6 sin(3θi)

sin
(
θi − 2π

3
)
+ 1

6 sin(3θi)

sin
(
θi +

2π
3
)
+ 1

6 sin(3θi)

+

 osi
osi
osi

, (1)

where, vi =
[
vai vbi

vci

]T , mi and θi are the reference voltage, the modulated signal, and the electrical
angular position of the load/source connected to the ith converter, respectively. The offset (osi) is
added to the reference voltage signals to avoid any intersection (overlapping) between the converters
references. Adopting the concept of the nine switch converter the offsets can be given as: os1 = m3

mt
,

os2 = m4
mt

, os3 = −m1
mt

, and os4 = −m2
mt

where, mt =
4
∑

i=1
mi and due to utilization of third harmonic

injection mt ≤ 1.15.
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Figure 3 illustrates the generalized PWM scheme that is employed to obtain the gate pulses for
the AC/AC converter.

v∗a1 = va1 + vc2

v∗b1 = vb1 + vc2

v∗a2 = va2 + vc1

v∗b2 = vb1 + vc1

v∗c1 = vc1 + vc2 = v∗c2
v∗a3 = va3 + vc4

v∗b3 = vb3 + vc4

v∗a4 = va4 + vc3

v∗b4 = vb4 + vc3

(2)

v∗c3 = vc3 + vc4 = v∗c4 (3)

where v∗i =
[

v∗ai v∗bi v∗ci

]T
are the modulated phase voltages adopting the concept of the

five-leg converter.
The modulated voltages are compared to a triangular (carrier) to generate the gate pulses as

shown in Figure 3. The gate pulses for the upper switches of the converter (SH
1 –SH

5 ) are ON, if the
values of the voltages in (2) are larger than the carrier. Otherwise they are OFF. The gate pulses of the
lower switches of the converter (SL

1 –SL
5 ) are ON if Equation (3) is less than the carrier. Otherwise they

are OFF. The gate pulses of the middle switches of the converter (SM
1 –SM

5 ) are generated by XORing
the status of the upper and lower switches adopting the concept of the nine-switch converter.

Figure 3. Generalized PWM scheme.

2.2. Control Method

In this subsection, the controllers needed to regulate the output active power, output reactive
power and the dc link voltage as well as the speed of the PMSM are designed and discussed. As all
four converts are working independently, the equivalent circuit of each converter can be represented
by individual voltage source inverter (VSI) as in Figure 4.

From Figure 4, in the abc-reference frame, the phase voltage and current holds the
following relation:

vcon
a = Ria + L d

dt ia + va

vcon
b = Rib + L d

dt ib + vb
vcon

c = Ric + L d
dt ic + vc

, (4)
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where, vcon
abc =

[
vcon

a vcon
b vcon

c

]T
is the converter side phase voltage, vabc =

[
va vb vc

]T
is the

source side phase voltage and iabc =
[

ia ib ic

]T
is the phase current. R and L are the equivalent

resistance and inductance, respectively. They can represent the transformer and/or filter resistance
and inductance, respectively.

Figure 4. The ith converter equivalent circuit.

Transforming (4) to synchronously rotating reference frame, yields[
vcon

d
vcon

q

]
=

[
R + Ls −ωL

ωL R + Ls

][
id
iq

]
+

[
vd
vq

]
, (5)

where ω is the angular power frequency of the system and s is the differentiation operator (d/dt). vd,
vq, iq, and id are the direct and quadrature axis voltages and currents, respectively.

In per unit, the instantaneous active and reactive power can be represented in dq-axis
synchronously rotating reference frame as

P = vdid + vqiq, (6)

Q = vdiq − vqid, (7)

the q-axis voltage component of the rotating reference frame will vanish (i.e., vq = 0), if the d-axis of
the rotating reference frame is aligned to the AC voltage vector. Thus, the instantaneous power in dq-
synchronously rotating reference frame can be simplified. Under this assumption, (6) and (7) can be
rewritten as follows:

P = vdid, (8)

Q = vdiq, (9)

to this end, the reference current can be directly calculated given the reference power, that is

i∗d =
P∗

vd
, (10)

i∗q =
Q∗

vd
, (11)

where ‘*’ indicates the reference value, i.e., P∗i is the reference active power for the ith converter.
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To regulate the current, a proportional integral (PI) current controller with feedforward term is
used, that is [

vcon
d

vcon
q

]
=

[
vPI

d −ωLiq + vd
vPI

q + ωLid + vq

]
, (12)

substitute (12) into (5) and rearranging, the coupling terms between the iq and id dynamics will be
cancelled as a result of the feedforward term in (12), which yields[

vPI
d

vPI
q

]
=

[
R + Ls 0

0 R + Ls

][
id
iq

]
, (13)

where vPI =
[

vPI
d vPI

q

]T
is the output voltage vector of the PI current controller that can be

written as: [
vPI

d
vPI

q

]
=

 KP
d +

KI
d

s 0

0 KP
q +

KI
q

s

[ ed
eq

]
, (14)

e =
[

ed eq

]T
=
[

i∗d − id i∗q − iq

]T
is the error vector between the reference current and the

actual one.
One method to design the gains of the current controller is to assume that, the closed loop time

constant of the current inner loop is τc then by selecting KP
dq = L

τc
and K I

dq = R
τc

, the closed loop transfer
function between the reference and actual current can be written as

i∗

i
=

1
τcs + 1

, (15)

Figure 5 shows the active and reactive power control of the RESs converters. It consists of a
phase-locked loop (PLL) to measure the electrical angular position (θ) of the generated voltage of the
RES, current reference generation given the reference power as in (10) and (11) and a PI current control
(14) with feedforward terms as in (12). The reference modulated signal (m∗i ) and reference electrical
angular position (θ∗i ) are obtained from the current controller output and θ as shown in Figure 5.

Figure 5. Active and reactive power control of RESi side converter.

Figure 6 shows the dc link voltage control of the grid side converter, the dc link voltage is
measured and compared to a reference value. A PI voltage controller is employed to generate the
reference current which is regulated via an inner PI current controller, then m∗i and θ∗i for the gird side
converter are obtained as shown in Figure 6.
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Figure 6. DC-link voltage control for the grid side converter.

For the electric-drive side converter, Figure 7 shows the speed control of the PMSM. The motor
speed is measured and compared to a reference speed, then, a PI speed controller process the error
signal to provide a q-axis current reference (i∗q ) to the inner PI current controller. The d-axis current is
kept zero (i∗d = 0) to achieve maximum torque per ampere. A non-interacting controller is employed to
decouple the d and q dynamics. The non-interacting controller is similar to the decoupling controller
discussed in Section 2.2. Finally, m∗i and θ∗i are obtained as shown in Figure 7.

Figure 7. Speed control of PMSM drive side converter.

All the gains of the PI controllers used in Figures 5–7 are optimized in the next section to minimize
a weighted sum objective function.

The controllers select the suitable m∗i and θ∗i , then the references are formulated as in (1). Finally,
the gate pulses of the converter are realized as in Figure 3, employing (2) and (3).

3. Optimal Tuning of Converter Controllers

To achieve satisfactory reference tracking and disturbance rejection with minimum dc voltage
ripple while ensuring that the THD at PCC are less than 5%, to avoid harmonic related problems.
The gains of the utilized controllers are optimized by minimizing a weighted sum of different objective
functions. Each objective function represents a specific aspect to be minimized. For this purpose,
the following weighted sum objective function (J) is formulated

J = β1

∫ ts

t0

(v∗dc − vdc)
2dt + β2

∫ t f

ts
v2

dcripple
dt + β3

∫ t f

t0

t(ω∗motor −ωmotor)
2dt, (16)
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Subject to
Kmin ≤ K ≤ Kmax, (17)

THDi < 5% (18)

t0, t f , and ts are the simulation starting time, simulation termination time, and the time needed for the
response to settle down within 2% from its final value, respectively.

The first term in (16) represents the transient behavior of the dc link voltage, the second term
reflects the ripple in the dc link at steady state, while the last term in (16) represents a balance between
reference tracking and disturbance rejection in the motor speed response measured by the integral of
time multiply squared error (ITSE). β1, β2, and β3 are weight of the priority of each objective function
in the weighted sum objective function (16). Equation (17) represents the controllers gains lower (Kmin)
and upper (Kmax) bounds, while (18) represents the harmonic constraints imposed to fulfill IEEE 1547
harmonic standards. The optimization problem in (16) subjected to constraints (17) and (18) is solved
using PSO which is summarized in the flow chart shown in Figure 8.

Figure 8. Flow chart of the proposed tuning procedure adopting PSO.
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PSO executes three main steps, while solving the optimization problem, repeatedly until
termination policy has been met. These steps consist of evaluating the fitness of each particle, updating
the personal and global best, and updating the position and velocity of each particle.

To optimal tune the controllers gains (K), the particle’s velocity and position are updated
employing Equations (19) and (20), respectively [17–19].

vt+1
i = ω× vt

i + c1 × r1 ×
(

Pt
i − Kt

i
)
+ c2 × r2 ×

(
Gt − Kt

i
)

(19)

Kt+1
i = Kt

i + vt+1
i (20)

where v is the velocity at which the gains are updated, i is the particle number, t is the iteration number.
Pt

i is the particle best gains and Gt is the global best gains at iteration t, respectively. c1, c2, and ω are
the PSO parameters. c1 and c2 are positive acceleration constants utilized to scale the contribution of
the cognitive and social components on the solution, respectively. ω is called the inertia coefficient,
its value has impact on the solution convergence. Therefore, different methods of choosing the value
of ω ranging from simple static to dynamically changing methods have been used in the literature.
A review of ω, c1, and c2 selection methods with their impact on the optimization solution can be
found in [19]. Finally, 0 ≤ r1, r2 ≤ 1 are random numbers which introducing the stochastic nature to
the search algorithm.

In this study, ω is chosen to have a linearly decreasing value obeying Equation (21)

ω = 0.9− 0.5× t/tm (21)

where tm is the number of iterations. Adopting Equation (21), the inertia coefficient of the current
velocity when finding the next velocity will decrease linearly favoring exploitation as the optimization
progresses. Furthermore, c1 and c2 are assigned the values of 1.5 and 2, respectively. This selection
pushes the particles more toward the global best position than its local solution which makes the
solution progress towards the optima.

Moreover, the selection of the number of iterations and particles are problem dependent that
have impact on the solution convergence. The number of iterations should be selected as a trade-off
between complexity of the calculation and the accuracy of the solution. On the other hand, the search
space that can be covered by the swarm has a direct relation with the number of particles in swarm.
Nevertheless, large number of particles will increase the complexity of the optimization dramatically.
From empirical point of view, it is recommended to select the number of particles between 10 and 30 to
have a good balance between the complexity and convergence of the solution [19].

In this work, the number of iterations (tm) is selected to be 500 and the number of particles is 20.

4. Results and Discussion

As shown in Figure 1, the RESs are connected to the AC/AC converter via Y/∆ transformers
(5 kV/380 V). A choke (Lchoke = 1 mH) is connected between the PMSM and the drive side converter
(converter 2). The switching frequency is 10 kHz and the dc link voltage reference is 1 kV, the dc link
capacitor C = 300 µF. The PMSM has Ra = 0.86 Ω, Ld = 8 mH, Lq = 20 mH, flux linkage of the
permanent magnet ϕm = 0.12 wb, and number of pole pairs P = 2. The fundamental power frequency
of the RES1 is 60 Hz and it is 50 Hz for the RES2 while the grid frequency is assumed to be 50 Hz.

The gains of the employed PI controllers which are the outcome of the proposed optimization
procedure are listed in Table 1 in which KP is the proportional gain while KI is the integral gain.
Moreover, the parameters of the PSO are listed in Table 2.

The active power references for the RES1 (Converter 1) and RES2 (Converter 3) are −5 kW and
−3 kW (Figure 9b,c), respectively. After 0.3 s, the active power reference of RES1 is changed to −2 kW
(Figure 9b), while RES2 is out of service (Figure 9c). Then, at t = 0.5 s both RESs are out of service with
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zero active power reference. Finally, at t = 0.8 s both RESs are activated with power reference of −3 kW
and −5 kW, respectively.

Figure 9. The response of the (a) DC link voltage, active powers for (b) RES1, (c) RES2, and (d) grid-side.

Table 1. Optimization outcome.

Converter Side Controller Parameters Values

Drive

Motor Speed
Ks

p 1.1
Ks

I 100.45

Motor d-axis Current KIm
d

p 11.98

KIm
d

I
1297.27

Motor q-axis Current K
Im
q

p 29.96

K
Im
q

I
1297.27

Grid
dc Voltage KIg

dc
p 8.09

KIg
dc

I
195.2

dq-axis Current K
Ig
dq

p 0.91

K
Ig
dq

I
59.86

RES dq-axis Current K
IRES
dq

p 0.91

K
IRES
dq

I
59.86
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Table 2. PSO parameters.

Parameters Values

Swarm size 20
Inertia coefficient (ω) According to Equation (21)
Cognitive factor (c1) 1.5

Social factor (c2) 2
Number of iterations (tm) 500

Such fast transient can represent and study power fluctuation in the microgrid and the reaction of
the proposed system under such transients. The reactive power references for both RESs are kept zero
all the time.

Figure 9a, shows the dc link voltage under fast transient while Figure 9d shows the power to the
grid. As shown in Figure 10b the PMSM is activated and the motor tracks the reference speed within
0.1 s. Part of the generated power form the RESs is consumed by the motor and the remaining power is
fed-back the grid. In this paper, positive power convention is adopted to represent the absorbed power.
At t = 0.3 s. one of the RESs is out of service and the second one drop power to −2 kW. Therefore,
the net power absorbed by the grid is reduced. The motor is loaded with TL = 6 N·m at t = 0.4 s.
Good disturbance rejection can be seen in Figure 10b and less power to be fed to the grid (Figure 9d).
Although, both RESs are out of service at t = 0.5 s, the grid took over the power flow and supplied
the needed power to the motor with no effect on the motor speed (Figure 10b). At t = 0.7 s the motor
speed is reversed, and the power taken from the grid is reduced due to regenerative braking mode
of the PMSM. The RESs are back to active mode at t = 0.8 s and the grid absorbed the generated
power from the RESs. During these fast transient, the dc link voltage shown in Figure 9a is regulated
very fast (almost within 0.1 s) and with about 10% maximum deviation from its reference with low
voltage ripple.

Figure 10. Response of the (a) grid current and normalized grid phase voltage, (b) PMSM speed, and (c)
grid power factor.
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As a measure of the power flow direction in the microgrid, the power factor (PF) is shown in
Figure 10c and the a-phase current and normalized phase voltage of the grid are shown in Figure 10a.

Figure 11, shows the three-phase current measured from the high side terminal of the used
transformer for RES1 (Figure 11a), RES2 (Figure 11b), The grid (Figure 11c) and the PMSM (Figure 11d),
respectively. Figure 12 shows the offsets needed to be added to the references in order to avoid
overlapping between them.

Figure 11. The responses of the (a) RES1 current, (b) RES2 current, (c) grid current, and (d) PMSM current.
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Figure 12. The needed offsets to be added to the reference voltages (a) offset for RES1 side converter,
(b) offset for RES2 side converter, (c) offset for grid side converter and (d) offset for the drive
side converter.

5. Conclusions

This paper presented an optimal control of a mixed-grid-feeding-electric-drive system utilizing
compact AC/AC converter in an AC microgrid. A PWM employing third harmonic injection and a
control method are proposed to realize this mixed grid-feeding drive system. A procedure to optimize
the gains of the controllers was presented, to achieve a satisfactory reference tracking and disturbance
rejection with minimum dc voltage ripple while ensuring that the THD at PCC is less than 5%, to avoid
harmonic related problems. Three objective functions are lumped together in weighted sum objective
function. One of the objective function represented the transient behavior of the dc link voltage, the
second reflected the steady state behaver of the dc link voltage, while the third objective function,
provided a balance between reference tracking and disturbance rejection in the electric drive side
converter measured by ITSE. Simulation results under fast transient are presented to highlight the
capability of the adopted converter, PWM, and the proposed control method in the mix grid-feeding
drive system. The applicability of the proposed system is not limited to industrial facilities hosting
RESs but also may include, wind farm grid integration and electric vehicle drive systems.
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