ISA Transactions 94 (2019) 352-369

Contents lists available at ScienceDirect

ISA Transactions”

[SA Transactions

journal homepage: www.elsevier.com/locate/isatrans

Practice article

Hierarchical control strategy for a three-phase 4-wire microgrid under = M
unbalanced and nonlinear load conditions 2t

Amirreza Naderipour ?, Zulkurnain Abdul-Malek **, Vigna K. Ramachandaramurthy °,

Akhtar Kalam ¢, Mohammad Reza Miveh ¢*

3 Institute of High Voltage & High Current, School of Electrical Engineering, Faculty of Engineering, Universiti Teknologi Malaysia, 81310 Johor
Bahru, Malaysia

b Institute of Power Engineering, Department of Electrical Power Engineering, Universiti Tenaga Nasional, Jalan

Ikram-Uniten, Kajang 43000, Malaysia

¢ College of Engineering and Science, Victoria University, Melbourne 3047, Australia

d Department of Electrical Engineering, Tafresh University, Tafresh 39518-79611, Iran

HIGHLIGHTS

This paper proposes an improved hierarchical control strategy for a three-phase 4-wire islanded microgrid under unbalanced and nonlinear load
conditions.

The superiority of the proposed control strategy over the conventional SCC-based control scheme was confirmed by the 2 line cycles decrease in
the transient response.

The compensation of both negative and zero sequence harmonics, simple control structure and insensitivity to frequency variations have given
this control scheme an edge over the conventional control strategies. The voltage THD of the grid-forming power converters were reduced from
above 5.1% to lower than 2.7% with the suggested controller under nonlinear load situations.

Zero reactive power-sharing error has given this control strategy an edge over the conventional droop control scheme in three-phase 4-wire

islanded microgrids.
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ABSTRACT

This paper proposes an improved hierarchical control strategy consists of a primary and a secondary
layer for a three-phase 4-wire microgrid under unbalanced and nonlinear load conditions. The primary
layer is comprised of a multi-loop control strategy to provide balanced output voltages, a harmonic
compensator to reduce the total harmonic distortion (THD), and a droop-based scheme to achieve
an accurate power sharing. At the secondary control layer, a reactive power compensator and a
frequency restoration loop are designed to improve the accuracy of reactive power sharing and to
restore the frequency deviation, respectively. Simulation studies and practical performance are carried
out using the DIgSILENT Power Factory software and laboratory testing, to verify the effectiveness of
the control strategy in both islanded and grid-connected mode. Zero reactive power sharing error and
zero frequency steady-state error have given this control strategy an edge over the conventional control
scheme. Furthermore, the proposed scheme presented outstanding voltage control performance, such
as fast transient response and low voltage THD. The superiority of the proposed control strategy over
the conventional filter-based control scheme is confirmed by the 2 line cycles decrease in the transient
response. Additionally, the voltage THDs in islanded mode are reduced from above 5.1% to lower than
2.7% with the proposed control strategy under nonlinear load conditions. The current THD is also
reduced from above 21% to lower than 2.4% in the connection point of the microgrid with the offered
control scheme in the grid-connected mode.

© 2019 ISA. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

In spite of numerous benefits provided by large power genera-
tion plants, economical, technical and environmental advantages
have led to the gradual development of small-scale power sources

0019-0578/© 2019 ISA. Published by Elsevier Ltd. All rights reserved.
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into smart grids. This new form of power generation is termed
as Distributed Generation (DG). However, the increasing interest
in integrating DGs and loads in the same grid, presents major
challenges from the viewpoint of reliable operation and con-
trol [1]. Bidirectional power flow, stability, and power quality
issues are the most relevant challenges stemming from the mas-
sive application of DGs into the distribution network [2]. Thus,
the emergence of the microgrid concept is a feasible solution
towards integrating DGs and loads in the same grid. Normally, the
microgrid system operates in grid-connected mode. On the other
hand, if any event such as general faults or long-time voltage
dips happens within the main grid, the microgrid can operate
in islanded mode. Voltage and frequency stability, power sharing
management, and power quality control are the main challenges
in microgrids. Hence, they require a proper control system for
both islanded and grid-connected operations.

Microgrids require suitable control and management systems
in both islanded and grid-connected modes to meet all the control
objectives in a clear and systematic way. A possible solution
to achieve various control objectives in microgrids is to intro-
duce the hierarchical control structure [3]. Three main control
layers can be distinguished in this control strategy, including pri-
mary, secondary and tertiary controllers. The primary control is in
charge of the current and voltage regulation, low-level protection,
voltage and frequency stability as well as power-sharing con-
trol. Moreover, the secondary layer is responsible for achieving
global performance objectives, such as power management, black
start management, grid resynchronization, voltage and frequency
restoration, and reactive power compensation [2,4-6]. The sec-
ondary layer is the highest hierarchical control layer in island
mode. The tertiary control level also controls the flow of power
from the microgrid to the main grid [6]. This is accomplished by
adjustment of the frequencies and amplitudes of the Distributed
Energy Resource (DER) voltages [6,7]. It also ensures economically
optimal operation of the microgrid [5-8].

Commonly, DG units used in microgrids must be able to supply
a mixture of unbalanced and nonlinear loads via a three-phase
4-wire distribution network [9,10]. Such conditions can lead to
various stability, reliability, and power quality difficulties for
islanded microgrids. The control system of an islanded micro-
grid has several functions, including voltage and frequency man-
agement, load sharing between distributed systems, and power
quality control. These tasks become more complicated under un-
balanced and nonlinear load circumstances. Imbalanced phases,
harmonic contents in the waveform, variations in magnitude and
frequency, and inaccurate active and reactive power sharing are
the key challenges associated with islanded microgrids under
such conditions. According to the IEEE Standard 1159, the Phase
Voltage Unbalanced Rate (PVUR) should be maintained below 2%
for unbalanced loads [11,12]. Moreover, according to the IEEE
Standard 519-2014, the voltage Total Harmonic Distortion (THD)
should be maintained below 5% for nonlinear loads [13]. To
date, various methods have been developed to control islanded
microgrids under unbalanced and nonlinear load conditions. A
simple method for unbalanced and nonlinear load compensation
is without using Active Power Filters (APFs) [14], nonetheless, it
is not the best solution due to complex control system and eco-
nomic issues. Therefore, the use of grid-forming power converters
can be one of the best solution for compensating unbalanced and
nonlinear loads.

Numerous control approaches, containing the hysteresis con-
trol [15], repetitive feedback control [16], the Finite Control Set
Model Predictive Control (FCS-MPC) [17], Sliding Mode Control
(SMC) [18-20], Proportional Resonant (PR) controllers [21], Pro-
portional Integral (PI) controller based on Symmetrical Compo-
nents Calculators (SCCs) [22-24], have been proposed in the

literature to improve the power quality of microgrids and dis-
tribution networks under abnormal conditions. However, these
control techniques for four-leg inverters often suffer from slow
transient response, coupling between phases, complex control
algorithm, and unsatisfactory steady-state voltage tracking er-
ror. Furthermore, for three-phase 4-wire microgrids, harmonics
controllers are not as well-established as three-phase 3-wire ap-
plications due to the presence of both zero and negative sequence
harmonics. Complex control algorithms and sensitivity to fre-
quency variations in the islanding mode are other disadvantages
discovered by previous studies in reducing the voltage THD in
three-phase 4-wire islanded microgrids. Hierarchical control of
three-phase 3-wire islanded microgrids under unbalanced and
nonlinear load conditions is a well-developed research topic. Nev-
ertheless, far too little attention has been paid to the hierarchical
control of three-phase 4-wire islanded microgrids under unbal-
anced and nonlinear load conditions. Therefore, it is important
to propose improved primary and secondary control schemes for
three-phase 4-wire islanded microgrids to achieve zero active
and reactive power-sharing error, balanced output voltage with
low THD and zero voltage/frequency steady-state error under
abnormal load conditions.

This research proposes an enhanced hierarchical control ap-
proach for a three-phase 4-wire microgrid using four-leg power
converters under unbalanced and nonlinear load conditions. The
primary layer comprised of a per-phase multi-loop control strat-
egy, a multi-resonant harmonic, and a droop-based power sharing
control scheme. At the secondary control layer, a reactive power
compensator and a frequency restoration loop are designed using
low bandwidth communication links to improve the accuracy of
the reactive power sharing and restore the frequency deviation
caused by the primary layer, respectively. The rest of this study
is organized as follows. Section 2 presents the primary layer, in-
cluding the current-voltage control strategy, the multi-resonant
harmonic compensator and the droop-based control scheme. The
secondary control scheme is presented in Section 3. Simulation
results are given in Section 4. Finally, the conclusion is made in
the last section.

2. Primary control

The primary layer of proposed controller for four-leg power
converters consists of a multi-loop control strategy to provide
balanced output voltages, a harmonic controller to minimize the
THD, and a droop-based control scheme to attain an accurate
power sharing. The primary layers of the suggested controller are
explained in the following subsections.

2.1. Multi-loop control strategy

The structure of the suggested per-phase multi-loop control
scheme for phase ‘a’ is presented in Fig. 1. As can be observed,
an orthogonal signal generation technique is used to transfer the
output voltage in each phase (V,q, Vop, Voc) into the af frame.
Next, using the Park transformation the load voltage quantities
in the o8 frame are transformed into the synchronous reference
frame. A second-order generalized integrator frequency-locked
loop (SOGI-FLL) is utilized to extract the required information for
the Park transformation [25]. PI controllers are used to compen-
sate the load voltage quantities (V,_q, V4—q) by comparing the
reference voltage values (V;, V;) in the dq frame. To achieve
this objective, V} is set at the peak value of the reference phase
voltage and V' is set at 0 V. The reference signals for the current
controllers is provided from the outputs of the external voltage
loop. The generated references for the current controller via the
voltage regulator are then converted from the dq frame into
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the o frame (if, ,). As seen, the inner current control loop is
implemented in the stationary reference frame. Consequently,
only the real reference current (iy, ,) is fed to the current con-
troller. Moreover, the capacitor current (ic,) is sampled, and then
compared with the reference currents made by the outer voltage
controller. In the o8 frame, the reference signals are sinusoidal;
therefore, a proportional controller can be used to guarantee the
outstanding reference tracking and to attain a zero steady-state
error.

Furthermore, in order to improve the system robustness a
voltage feedforward path (v}) is added to the controller. The
decoupling voltage feedback path is also used in the controller
to reduce the effect of power stage coupling. Finally, the output
of the current controller (Vyf, Viy, Vir) is converted into the abc
frame to provide three-phase voltage reference for the pulse
width modulator (PWM). As V4. is not constant, a feedforward
loop is included to consider the DC-link voltage value for the
generation of the gate signals. This way, deviations of V. inside
the allowed limits can be compensated. Furthermore, the carrier-
based PWM method is used in this paper to generate the inverter
output voltage owing to its proper performance and ease of
implementation. In the offered control scheme, the PI controller
adjusts the output voltages in the dq frame. Moreover, the simple
proportional controller adjusts the currents in the o frame.
Same strategy is applied for phase ‘b’ and ‘c’.

2.1.1. Current controller design

The block diagram of the suggested control approach with the
current controller and proportional controller is depicted in Fig. 2.
The closed-loop transfer function of the current controller for
phase ‘a’ is:
G(s) = zE _ C,ZKs

i, LyCaZs? + (CiZ (ra + K) + L) s + (g + Z)

By considering that, the bandwidth of the inner current con-
troller is highly important in choosing the gain of the proportional
controller, the Bode diagrams of the related transfer function is
presented in Fig. 3. In this respect, for the nominal load cir-
cumstance, the lowest control bandwidth can be obtained and
the proportional gain must be regular under the nominal load-
ing conditions to guarantee the predictable bandwidth under all
loading c1rcumstances The proportional gain can be designed by
|G(jwpi))* = = 1/2, and considering wy,; is the necessary bandwidth
for the inner control loop. Therefore, the proportional gain is [26]:

(1)

Ly +1,CZ + \/ZraCaZ (1aCaZ + Lo) + L2(2 + C2Z2w},)
CZ

The essential bandwidth is selected 1/5 of the switching fre-
quency for crossover frequency constraint. Considering f; =
5 kHz, the bandwidth is wp; = 27(0.25 x 5) kHz = 8 krad/s,
and the proportional gain is adjusted on 1 by Eq. (2).

K=

(2)

2.1.2. Voltage controller design

Since tuning of the voltage controller in the rotating frame is
difficult, the stationary reference frame equivalent model of the
PI compensator in the rotating reference frame is derived. The pa-
rameters of the voltage controller using a step-by-step systematic
design procedure are determined. The equivalent model of the PI
controller can be considered as a two-input-two-output system.
Thus, it can be explained in the time domain as:

[ N G) ]_ cos (wrt) = sin (eyt) {[ Gi(t) 0 ]
g (O ] | sin(wpt)  cos(wst) 0 Gp(D)
cos(wst)  sin(wst) E,(t)
AL =sin(wrt)  cos(ayt) Ey(t)

where * is the convolution operator.

S

(3)

—

The Laplace transformation is used for both sides of (3); there-
fore, it can be rewritten as:

[ .? (S)]
/3(5)

_1 [ G ( S + joy) + Gpi (s —jowy)  —jGpi (s +jey) +jGei (s — jey) ]
2

Ey(

Eg(

+]GP1 S +wa — jGpr (S *wa) Gpr (S +jwf) + Gp; (S *jwf)

)]

(4)

In this regard, Gp can be replaced by Kp —|— , therefore:
Kis K;
R,
C o $° + of s+ wf E,(s)
ic.p () Kiwy Ko+ N8 Ep(s)
s + of s + o}

Lastly, the transfer function of the real system can be obtained
by replacing Eg (s) = ((wy — s)/(wy + 5))Eq(s) as:
a3S + azs +ais+ag
$% + wrs? + wis +w

i o (5) = E (s) = H(s)Ex (5) (6)

where a3 = Kp, a = Kpwy + Ki, a1 = Kpw} + 20K;, ag = Kpew} —
K,»a)f2 and H(s) indicates the stationary frame representation of the
PI controller in the dq frame. Fig. 4 shows the Bode plot of transfer
function H(s) for K, = 0.1, K; = 10 and wy = 2760 rad/s. As seen,
the phase and amplitude characteristics of the PI controller in
the dq frame are equivalent to the PR controller in the stationary
reference frame at the fundamental frequency.

Fig. 5 shows the block diagram of the offered controller for
phase ‘a’. In the figure, v* = v} = v} cos (wrt) — v} sin (wyt) is
the voltage feedforward path to improve the system robustness.
Note that the inner control loop is replaced by G(s) as shown in
Fig. 6.

Fig. 7 shows the Bode plots of the open-loop transfer function
of the controller for K = 1, K, = 0.1 and K; = 0. From the
figure it can be seen that the stability of the closed-loop system,
and the phase margin under light-load situation are reduced.
Therefore, to guarantee the suitable performance of the controller
in all load conditions, the PI regulator is designed under light-
load condition. As under light-load condition, the load impedance
(Z) tends to infinity (o00), the transfer function of the current
controller can be estimated as:

i
- = S - (7)
¥ Les+ra+k

Moreover, the open-loop and closed-loop transfer functions of
the control system are:

Voa K(a353 +0252 + a5+ ap) (8)
Vg —Voa  LaCas® + bs? + bwys3 + ba)fzs2 + (rg +K) Cacuf35
Voa
g
B K(ass® + aps® + ays + ag)
LaCa$® + bs* + (bwy + Kaz)s® + (bwf2 + Kay)s? + ((ra +K) Cawf3 + Ka1) s + Kag

(9)

The proportional gain is selected so that the needed band-
width (wp, ) can be attained for the closed-loop transfer functions.
The integral gain is also selected to guarantee the minimum
steady-state error for the outer loop. The choice of the pro-
portional gain is accomplished based on this assumption that
the dynamic of the voltage loop is unaffected by the integral
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PWM inverter

— W d(s)

ca

Fig. 2. Block diagram of inner current control loop.

gain. The proportional gain is in charge for the transient perfor-
mance, while the performance of the controller in the steady-
state is determined by the integral parameter at the fundamental
frequency. Therefore, K; = 0, during tuning the proportional
parameter and the transfer function of the closed-loop system
under light-load condition is:

Vou KpK (10)
v KpK — LaCow? +j (g + K) Cow

By considering that the bandwidth is wy,; so, K, can be found

as:
Cawpol /21202, + K2 — Loy ]

K, = . (11)

In this study, the system bandwidth must be selected between
10 times of the fundamental frequency and one-tenth of the
switching frequency to attain both the disturbance rejection and
proper transient response. So, it is selected as 550 Hz, which is
a value between 500 Hz and 600 Hz. The system bandwidth and
the proportional gain are wp, = 2w x 550 Hz ~ 3 krad/s and
0.15, respectively. The stability analysis is applied to attain an
appropriate gain for the integral regulator. The use of the Routh-
Hurwitz criterion can fulfil the integrator purposes in the voltage
controller. The system characteristic polynomial is:

LoCas® + bs* + (bey + Kas) s*> + (bo} + Kay) s*
+ ((ra + K) Cawf3 + Kal) s+ +Kay = 0
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The system stability can be described as:
K>0, K,>0, (13)

Based on the mentioned methodology for selecting the pro-
portional gain; Kp x «y is equal to 55. The open-loop Bode
plots of H(s)G(s)/Cgs for different values of K; are represented in

Ki < Kp X wf

Fig. 8. From figure, K; has no effect on the phase margin. On the
other hand, an infinitive magnitude at the fundamental frequency
provides a small steady-state error. However, based on the «f
frame equivalent of the PI controller in the dq frame, a high gain
at the fundamental frequency can have negative effects on other
frequencies. Therefore, the gain of K; have to be selected based
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on a trade-off between reducing the steady-state error and no
affecting on other frequencies: thus, K; is chosen to be 42.

2.2. Harmonic compensation control strategy

The transfer function of the harmonic impedance in each
subsystem of the four-leg VSI can be obtained as:

v
Z,(s) = T

o

Lsy + ds3 + dowys; + dwfzs +re?
" LCss + b + (by + Kaz) s° + (bw? + Kaz) s* + (( + K) Cw? + Kar) s + Kao

(14)

where d = Loy + 1

Fig. 9 shows the designed harmonic compensator added in
phase ‘a’ to achieve low THD for output voltage under nonlinear
load circumstances. The transfer function of the compensator can
be written as:

HC(s) = Z kns

) (15)
2 2
n=3,5,....,h $°+ (nwf)

where kj, is the gain of integrator for nth harmonic component
and h is the highest harmonic order.

The proposed scheme reduces the output impedance of the
power converter over the frequency range of the main harmonic

current components. The harmonic integrator must be handled
both zero and negative sequence harmonics. Consequently, a har-
monic compensator with six modules tuned at the 3rd, 5th, 7th,
9th, 11th and 13th harmonic frequencies is used in each phase
of the inverter. The harmonic compensator gains are selected
based on the stability of the whole closed-loop system. It is worth
mentioning that the added resonant compensators have a very
negligible effect on the dynamic performance of the inverter,
since they only respond to the frequencies around their resonant
frequencies.

2.3. Droop-based control scheme

The improved droop control approach in the primary layer is
also depicted in Fig. 10. As can be seen, the three-phase four-leg
terminal voltages (Vo) and currents (I, ) are first measured to
calculate the instantaneous real and reactive powers. Then, the
active and reactive powers are decoupled to provide completely
decoupled control capability for the active and reactive power.
The frequency of output voltage is determined using the active
power/frequency (P — w) loop and its dedicated droop slope (m;).
In the same way, the reactive power regulates the magnitude of
the output voltage through the reactive power/voltage (Q — E)
loop and its dedicated droop slope (n;). The gains of the droop
controller are calculated using the method presented in [27]. A
phase feedforward control loop with a proportional gain (kg) is
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also used to improve the stability of the system. The parameters
of the droop controllers are given in Appendix. An additional
loop is also added to Q — E loop to improve the capability of
voltage regulation to accurately share the load among four-leg
power converters.

Moreover, the load voltage drop E* — v, can be used as a
feedback loop to keep the load voltage within the required limit.
It is added to the Q —E loop via a proportional gain (k.). Since the
input to the integrator in the reactive Q — E loop must be zero in
the steady state, therefore [27]:

—1iQi + ke (E* — v5) =0 = niQi = ke(E* — v5) (16)

The term k.(E* — v,) is same for all four-leg power converters
if the gain k. is selected the same for all controllers. Hence, the
term n;Q; is constant for all inverters operating in parallel, which
guarantees precise reactive power sharing, even if the output
impedance is not the same between the inverters.

3. Secondary controller

After a change in the load or generation, the frequency and
voltage of the islanded microgrid must be changed using the
primary layer to match the demand with the generation. In some
circumstances, the frequency of the islanded microgrid is still
below the rated value, even after the operation of the droop-
based control strategy [28]. In fact, the frequency of the microgrid
is sharply reduced or increased after the inclusion or discon-
nection of the loads. This sudden reduction or incensement is
because of the action of the active power/frequency controller
in DG units. In this condition, the secondary layer can regulate
the difference between the rated value and the measured ones
towards zero. Additionally, when the droop-based control strat-
egy is used for the islanded microgrid, the reactive power face
problem to accurately shared among DGs, since the voltage in
not common in all terminals of the microgrid in contrast to the
frequency.

The structure of the distributed secondary controller is de-
picted in Fig. 11. As seen, the secondary controller is placed

beside each primary local controller and before the communi-
cation network. It consists of a frequency restoration controller
and a reactive power compensator. In this regard, frequency and
reactive power are sensed through the communication network
in the secondary layer, and then their average values are cal-
culated. Subsequently, the proper control signals are generated
using these control loops to compensate for the primary layer.
The outputs of secondary controllers are then used in the primary
controller to eliminate the steady-state errors. In the suggested
frequency restoration loop, each four-leg power converter mea-
sures the frequency level in every sample time and send it to
other units. Subsequently, the average value is calculated in each
secondary control layer. Finally, the frequency restoration loop
can be used as [28]:

8foc, = ker (Favcrogria — Foc,) + kir / (microgria — fpg,) dt (17)

_ N )
where fpc, = M. kpr and ki are the proportional and
integral terms of the PI controller, f,;;icmgn.d is the microgrid fre-

quency reference, fDGk is the frequency average for all grid-
forming power converters, and &fpg, is the control signal gen-
erated by the secondary layer of DG, in every sample time. The
frequency restoration loop just shifts up the primary response so
that frequency reaches to the nominal value, even for the four-leg
inverters with different power rates.

Due to variation in the voltage at different points of the is-
landed microgrid (as opposed to the frequency, which is constant
in the network), in the decentralized control method, the reactive
power also needs to be measured for each four-leg inverter and
shared with other DGs, as with frequency. The reactive power can
also be compensated using a similar procedure as the frequency
control restoration loop as [28]:

8Qoc, = kpq (Qpg, — Qoe,) + kig / (Qbg, — Qg ) dt (18)

_ N ) .
where Qpg, = % kpq and ki are the proportional and

integral terms of the PI controller, Qpg, is the reactive power
of DGy, QDG,( is average of reactive power for all grid-forming
power converters, and §Qpg, is the control signal generated by the
secondary layer in every sample time. The gains of the secondary
controller are calculated using the method presented in [28].

4. Results and discussion

The proposed hierarchical controller has been implemented in
a microgrid, which consists of two three-phase four-leg power
converters connected to renewable energy sources (RESs) as
shown in Fig. 12. The inductors between each DG and the point
of common coupling (PCC) (I;1, [;;12) model the distribution lines,
and a static switch (SS) is used at the PCC to discount microgrid
from the rest of distribution network under abnormal conditions.
The parameters of the loads, control system for both DGs and
microgrid power stage are given in Appendix.

4.1. Primary control strategy in grid-connected mode

In this part, the performance of the suggested primary con-
trol strategy under unbalanced and nonlinear load conditions
in grid-connected mode is investigated. In order to confirm the
performance and feasibility of the suggested scheme, a hardware
prototype as shown in Fig. 13, has been developed. The test bed
consists of the TMS320F28335 Control CARD, a four-leg inverter
based on 1.2 kV IGBT and electronic card to sense the currents
(LEM LA55-P) and voltages (LEM LV25-P).
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While the SS is closed and DG2 is disconnected from the micro-
grid, DG1 is supplying a three-phase unbalanced and nonlinear
load in the grid-connected mode. For this mode of operation, the
power quality at the PCC is very important with the presence
of unbalanced and nonlinear loads, and the employed control
strategy for the DG1 should be able to compensate unbalanced
and harmonic currents at the PCC.

The performance of the suggested primary control strategy
under nonlinear load conditions is depicted in Fig. 14. As can be
observed, the proposed control strategy can excellently reduce
the THD of the PCC. The current THD is reduced from above 21%
to lower than 2.4% with the offered control. Fig. 15 also shows
the three-phase currents of the grid-connected microgrid at the
PCC before and after compensation. As seen, with the proposed
control strategy the three-phase currents at the PCC with the
load unbalance of 10% become balanced according to the IEEE
standards. After compensation the PVUR reached to below 0.5%.

4.2. Primary control strategy under unbalanced load conditions

In this part, DG1 is providing active power for a three-phase
resistive load (8 €2/ph), while DG2 is not connected to the mi-
crogrid. Next, at 0.3 s, a single-phase inductive-resistive load
(R =120 ©Q and L = 2 mH) is connected between phases ‘a’
and ‘c’. Later, at 0.5 s, the added load between phase ‘cC’ and
the neutral line is reduced from 8 to 5.7 . Finally, at 0.7 s,
the nominal load between phase ‘a’ and the neutral line is dis-
connected. In this part, for better performance comparison, the
desired voltage is 155.56 V line-to-neutral peak at 60 Hz. The per-
formance of the suggested per-phase multi-loop control strategy
under unbalanced load conditions is compared with the conven-
tional SCC-based control strategy [22,23,29]. Fig. 16 displays the
three-phase output voltages of the DG1 under unbalanced load
variations, with the conventional control strategy. As seen, the

load voltages are balanced at first. Next, the load voltages in
phases ‘a’ and ‘c’ are reduced by at least 3 line cycles transient as
a result of the inclusion of the line-to-line load between phases
‘a’ and ‘c’ at 0.3 s. As seen, a large voltage sag is observed in the
output voltages with this control strategy; however, it is repaired
with a slow transient response. Next, the load between phase ‘c’
and the neutral line is reduced from 8 to 5.7 Q at 0.5 s. So, a large
voltage sag emerges in the load voltages, and is restored slowly
because of the sudden load change. Lastly, the load between
phase ‘a’ and the neutral line is separated at 0.7 s. As can be seen,
the load disconnection leads to unequal voltage values on three-
phases. Nonetheless, the output voltage values are restored with
a slow transient response. As seen from figures, at least 3 line
cycles transient response exist with this control scheme.

Fig. 17 shows the three-phase output voltages of the DG1
under the condition of sudden load changes with the suggested
control strategy. As seen, after the connection of the line-to-line
load between phase ‘a’ and ‘c’ at 0.3 s, the output voltages remain
balanced without any voltage dip after the sudden load change.
Similarly, after the connection of the load between phase ‘c’ and
the neutral line at 0.5 s, the output voltages remain balanced
under this load changes. Finally, the nominal load between phase
‘A’ and the neutral line is disconnected at 0.7 s. As can be
observed, the load voltages can still remain balanced even after
this load change. The outcomes prove that the recommended
control strategy has the capability to balance the load voltages
without any voltage variations under different combinations of
unbalanced loads and the position of sudden load changes. As
seen, the proposed control system indications an enhanced dy-
namic performance in comparison with the conventional control
strategy. This is because it is implemented independently in
each phase to compensate for the symmetrical components. As
seen, the dynamic response of the suggested control scheme is
very fast with 1 line cycle transient. The proposed strategy does
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Fig. 12. Microgrid test system for simulations.

not require computations for the symmetrical components of
currents and voltages for unbalanced voltage compensation. It is

Rectifier

Four-leg,

inverter
= i

Fig. 13. The laboratory test bed.

realized without using low-pass or all-pass filters, and it is able
to attain a fast transient response.

4.3. Power sharing control strategy under unbalanced load condi-
tions

In this test, while the islanded microgrid is initially operating
under no-load conditions, the three-phase unbalanced inductive-
resistive load#3, with the active power of 5.4 kW and reactive
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load condition, (a) without harmonic compensator, (b) with the proposed
harmonic compensator.

power of 1.2 kVar, is suddenly connected to the PCC at 1 s. Later,
at 3 s, the single-phase inductive-resistive load#4, with the active
power of 1.8 kW and reactive power of 0.4 kVar, is connected
between phase ‘c’ and the neutral line at the PCC. The desired
voltage is 170 V line-to-neutral peak at 50 Hz and both DGs are
connected to the microgrid. The parameters of loads, and the
control system for both DGs and microgrid power stage are given
in Appendix.

The output real and reactive powers of the DGs during the load
switching are depicted in Fig. 18. It is observed that the active
power is accurately shared between the DGs under unbalanced
load conditions, because the frequency is a global variable in
the whole microgrid. As seen in this figure, the active powers in
both DGs are sharply raised subsequent to the connection of the
three-phase unbalanced load#3 at 1 s. It can be observed that
a double-frequency ripple appears in the instantaneous active
power components, after the addition of the three-phase unbal-
anced load. The active power is increased again sharply at 3s
because of the connection of the single-phase load#4. The double-
frequency ripple is also raised at 3 s, owing to the inclusion of the
single-phase load.

The reactive power is also shared between the DGs with the
least possible value for reactive power sharing error. This reactive
power-sharing error is because of the fact that the voltage is
not common in the whole microgrid. It is also observed that
the reactive powers in both DGs are suddenly increased, when
the three-phase unbalanced load and the single-phase load are
suddenly connected to the PCC at 1 s and 3 s, respectively. A
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Fig. 15. Source current waveform at the PCC in the grid-connected microgrid
under unbalanced and nonlinear load condition, (a) without primary control
compensator, (b) with the proposed primary control compensator.

double-frequency ripple is seen in the instantaneous reactive
power components at 1 s caused by the inclusion of the unbal-
anced load. This ripple is increased again at 3 s because of the
inclusion of the single-phase load. As seen, the proposed power
sharing unit is capable of accurately sharing the active and reac-
tive powers between the DGs under unbalanced load conditions.
However, a reactive power-sharing error exists between the DGs,
which can be compensated using the secondary controller.

The output waveforms of DG1, equipped with the proposed
primary control strategy, are shown in Fig. 19. The transient load
voltages and currents are shown as zoomed figures. As can be
observed from this figure, the three-phase output currents are
sharply increased at 1 s because of connection of three-phase
unbalanced loads. Afterwards, the output currents are rapidly
changed as a consequence of the connection of the single-phase
load between phase ‘c’ and the neutral at 3 s. It is surprising to
see that the output voltages of the DG1 remain balanced under
all unbalanced load changes. Overall, the results mentioned in
this part of the study have indicated that the proposed primary
controller, which consists of the per-phase multi-loop control
strategy, and the power-sharing unit, has the ability to share
power accurately between the DGs.

4.4. Primary control approach under nonlinear load conditions

In this part, a single-phase nonlinear load that contains of
a diode rectifier bridge that feeds a 500 wF capacitor in par-
allel with a 30 2 resistor, is connected between phase ‘a’ and
the neutral line at the PCC. Multi-resonant harmonic voltage
compensator with the same specifications are activated for both
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Fig. 17. Three-phase output voltages with the proposed control strategy.

DGs. Moreover, they have the same power rating. The controller
parameters for both DGs are given in Appendix. Fig. 20 shows the
output voltages of phase ‘a’ in the DGs and their harmonic spectra,
before using the harmonic compensator. As observed, negative
and zero sequence harmonics, containing the 3rd, 5th, 7th, 9th,
11th and 13th harmonics, can result in power quality challenge
in the islanded microgrid. The output voltage quality for both DGs
can be enhanced using the suggested scheme.

Fig. 21 also depicts the output voltage of phase ‘a’ in the DGs
and their harmonic spectra, with the proposed harmonic con-
troller. As seen, using the proposed compensator, the harmonics
for voltages in the 3rd, 5th, 7th, 9th, 11th and 13th harmonics
are perceptibly suppressed. As seen, the output voltage of DG1
remains sinusoidal after compensation, and the THD is reduced
from 5.9% to 2.68%. Moreover, by using the suggested harmonic
controller, the THD of DG2 is reduced from 5.1% to 2.55%.

4.5. Secondary control strategy

In this part, the secondary control strategy has been sim-
ulated using the DIgSILENT PowerFactory software. The three-
phase four-leg power converters are equipped with the proposed
hierarchical control strategy. In the following, the performance of
the reactive power compensation and the frequency restoration
loops at the secondary level are investigated. In this simula-
tion, while the microgrid is initially operating under no-load
circumstances, the three-phase inductive-resistive load#1, with
the active power of 5.4 kW and reactive power of 1.2 kVar, is
suddenly connected to the PCC at 0.5 s. The primary controllers
share the active and reactive powers between four-leg power
converters subsequent to the connection of the load. As the
primary level cannot achieve zero reactive power sharing error
on its own in the islanded mode, the reactive power compensator

at the secondary layer is employed to compensate the reactive
power sharing error. Therefore, the reactive power compensation
controller in the secondary layer is activated at 1.5 s.

The performance of the reactive power compensation con-
troller, when applied to the microgrid, is depicted in Fig. 22. As
seen, the real and reactive powers in both DGs are sharply in-
creased at 0.5s, after the addition of the load to the PCC. This load
connection leads to a decrease in the frequency of the DGs due to
the operation of the active power/frequency control loop at the
primary layer. Similarly, the output voltages of the DGs are also
reduced because of the operation of the reactive power/voltage
control loop at the primary layer.

As seen, the active power can be shared equally between two
DGs using the proposed primary controller with the ratio of 1:1.
It can be seen that both DGs have the same frequency prior and
subsequent to the connection of the load. However, it is observed
that the reactive power cannot be precisely shared between these
DG units using the primary controller. This is due to the fact that
the voltage is not common in the whole microgrid. As seen, an
error exists between the values of the reactive powers in DG1 and
DG2, before the activation of the reactive power compensation
loop at the secondary controller.

Moreover, the reactive power compensator at the secondary
controller is activated at 1.5 s. As seen, the reactive power can
be very accurately shared between two DG units with zero
sharing error after the reactive power compensator is activated.
It is observed that the accuracy of the reactive power-sharing
is significantly improved with a ratio of 1:1, using the primary
and secondary controllers. Table 1 compares the values of the
reactive powers in the DGs, before and after the activation of the
secondary controller. As can be seen in this table, there is 0.023
kVar of reactive power-sharing error between the DGs using
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Table 1
Comparison of reactive power sharing in DGs with and without using the reactive power compensation loop in the
secondary controller.

Power-sharing control method Reactive power of DG1 [kVar] Reactive power of DG2 [kVar]

With the primary controller 0.609 0.586
With the primary and secondary controller 0.599 0.599
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the primary controller, and before the activation of the reactive of this investigation show that the precise reactive power sharing
power compensation loop in the secondary layer. In contrast, can be achieved using the primary and the secondary controllers.
the reactive powers have same values in both DGs, after the To study the performance of the frequency restoration loop,
activation of the reactive power compensation loop. The results the three-phase inductive-resistive load#5, with the active power
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of 10.8 kW and reactive power of 2.4 kVar, is suddenly con-
nected to the PCC at 2 s. The frequency restoration loop at the
secondary controller is then activated at 4.5 s to restore the fre-
quency deviations produced by the primary controller. It should
be noted here that the reactive power compensation loop at the
secondary layer is simultaneously activated to compensate the
reactive power-sharing error. Therefore, the active and reactive
powers can be accurately shared between the DGs using the
primary and secondary controllers.

The performance of the distributed frequency restoration loop
that is applied to the microgrid is depicted in Fig. 23. As seen

in this figure, the frequencies of both DGs are sharply reduced
after the inclusion of the load at 2 s. This sudden reduction is
because of the action of the active power/frequency controller. As
seen, the frequency restoration loop at the secondary controller is
activated at 4.5 s for both DG units to restore the frequency devi-
ation caused by the primary controller. The frequency values are
observed to be slowly and accurately regulated after activating
the frequency restoration controller at the secondary controller.
The simulation results show that this loop at the secondary layer
can successfully restore the frequency deviations caused by the
primary controller inside the microgrid.
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5. Conclusion has offered several advantages, and the following observations
can be highlighted:

This research has proposed an enhanced primary and sec-

ondary control schemes for a three-phase 4-wire islanded micro- e The superiority of the proposed control strategy over the
grid. The suggested primary and secondary controllers can per- conventional SCC-based control scheme was confirmed by
fectly support the operation of the three-phase 4-wire islanded the 2 line cycles decrease in the transient response

microgrids under unbalanced and nonlinear load conditions. The e The compensation of both negative and zero sequence har-
hierarchical controller was able to enhance the operation sta- monics, simple control structure and insensitivity to fre-
bility of three-phase 4-wire islanded microgrids by achieving quency variations have given this control scheme an edge
accurate active and reactive power-sharing with zero reactive over the conventional control strategies. The voltage THD

power-sharing error. The proposed hierarchical control strategy of the grid-forming power converters were reduced from
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Fig. 22. Performance of the reactive power compensation loop. (a) Reactive power compensation. (b) Active power. (c) Voltage amplitude. (d) Frequency.
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Fig. 23. Performance of the frequency restoration loop. (a) Frequency restoration. (b) Voltage amplitude. (c) Active power. (d) Reactive power.

load#2: 5.4 KW + 1.2 kVar, load#3: 5.4 KW + 1.2 kVar, load#4:
1.8 kW + 0.4 kVar, load#5: 10.8 kW + 2.4 kVar, Nonlinear load:
C = 500 wF, R = 30 Q, current controller parameter: K = 1,
PI voltage controller parameters: (Kp = 0.15,K; = 42), m;:
0.00116 rd/Ws, n;: 0.000027 p.u./Var, ky: —0.0056 rad/W, k.:4,
knl (k3 =175, k5 = 50, k7 = 25, kg = 20, kn =15, k13 = 10), kpf:
0.25, kir: 5, kpg: 0.1, kig: 10.
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