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This paper  presents  a new  design  of the  hybrid  AC/DC  microgrid  for optimization  of the  performance
of  the  smart  grid. This  design  by  using  the  capacity  of  the  DC microgrid  and  introducing  a  new  unified
power  quality  conditioner,  named  UPQC-DC,  and  providing  appropriate  control  schemes  for  two  back
to back  interface  converter  between  the  AC  and DC microgrids,  presents  important  characteristics  such
as  power  quality  improvement,  power  flow  control,  reactive  power  compensation,  and  elimination  of
eywords:
ybrid AC/DC microgrid
ower quality
ower swing
ower flow control
mart grid

power swings.  The  proposed  method  guarantees  the  realization  of  all aforementioned  goals  in both
grid  connected  and  isolated  modes  for  the  first  time.  Several  computer  simulations  are  performed  using
Matlab/Simulink  software  for  verifying  the  proposed  scheme.

©  2017  Elsevier  B.V.  All  rights  reserved.
PQC-DC

. Introduction

Nowadays, there is a global trend toward smart grids to improve
lectric power systems. Although different definitions and mean-
ngs have been presented for smart grids, there is general consensus
n their characteristics. According to the EISA 2007 report, the main
bjectives of smart grids are as follows [1]:

Reliability, security, energy storage source (ESS), and distributed
generation (DG);
Energy efficiency, sustainability, and renewable inputs;
Information technology, communication platform, and full cyber-
security;
Intelligent load management and grid-connected electric vehi-
cles;
Minimizing the unnecessary obstacles to the achievement of the
aforementioned objectives.

Having reviewed the earlier studies and literature on DC micro-
rids [2–4], it was demonstrated that, in the presence of DC
icrogrids, most of the goals of smart grids could be realized faster,
ften at a lower cost, and with greater efficiency. However, since
he majority of the power grids are presently AC type, AC micro-
rids are still dominant and purely DC microgrids are not expected

∗ Corresponding author.
E-mail address: mjoorabian@scu.ac.ir (M. Joorabian).

ttp://dx.doi.org/10.1016/j.epsr.2017.05.023
378-7796/© 2017 Elsevier B.V. All rights reserved.
to emerge exclusively in power grids. On the other hand, given the
increased consumption of energy provided by AC grids compared to
what they have been designed for, and the other problems, such as
congested and high loss lines and overloaded transformers, there’s
a growing need for developing the structure of these grids. In addi-
tion, given the aforementioned advantages of DC microgrids, the
development of current AC distribution networks can be imple-
mented using DC microgrids. Consequently, linking AC microgrids
with DC microgrids and employing the profits of the both micro-
grids, has become interesting in recent studies [5–16]. The idea is to
merge the AC and DC microgrids through a bidirectional AC/DC con-
verter and establishing a hybrid AC/DC microgrid in which AC or DC
type energy sources and loads can flexibly integrate into the micro-
grids and power can smoothly flow between the two  microgrids
indicating the realization of hybrid AC/DC microgrids [5]. On  the
other hand, the current electronic loads of consumers are mainly
sensitive and require high power quality [17]. So, the idea of power
conversion of DC microgrid through providing a new design for
hybrid AC/DC microgrid can serve as an effective solution for the
current problems of electricity networks. By doing so, the needs of
loads are covered and the standards of power quality are realized
and it can be seen as a step toward future smart grids. In this regard,
one of the recent research projects that have received a great deal
of attention in the optimization of the performance of smart grids

is the hybrid AC/DC microgrids.

The work done in this area fits into the following subject cat-
egories: new control methods and schemes (e.g., centralized and
decentralized control) of hybrid AC/DC microgrids [5–7], energy

dx.doi.org/10.1016/j.epsr.2017.05.023
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Fig. 1. The proposed structu

anagement strategies for renewable energy sources and energy
torages in hybrid systems [8–10], new control schemes for power
onverters between AC and DC microgrids as well as interface con-
erters of different microgrid sources [11–13], design of hybrid
C/DC microgrids with the aim of improving efficiency and power
uality, reducing the energy wastes, control the voltage profile and
etwork stability [14–16]. Having reviewed the studies conducted

n this regard, an obvious research lack was found in detail study-
ng the power quality issue on these microgrids. Although the issue
f improving the power quality of AC microgrid employing active
lters, dynamic voltage restorers (DVRs), unified power quality
onditioners (UPQCs) and the interface converter between sources
nd microgrid, have been proposed in various articles [17–20].
owever, given the structural differences of hybrid AC/DC micro-
rids, appropriate structures still need to be analyzed and proposed
o use the maximum capacity and potential of these microgrids. To
his end, firstly, a new scheme of UPQC family is presented in Sec-
ion 2 for developing the AC grid into a hybrid AC/DC microgrid.
econdly, the proposed control schemes are explained in Section
. Then, the simulated model and the results of the simulations
f different scenarios are presented in Section 4, and finally, the
onclusion is presented in Section 5.

. The proposed structure of the hybrid AC/DC microgrid

The proposed structure for the hybrid AC/DC microgrid is shown
n Fig. 1. The mentioned system originated from developing a con-
entional AC microgrid with a DC microgrid which is connected to
he AC system by two back-to-back interlink converters. Each part
f the proposed system is identified with a dash-dot circle in Fig. 1.
he AC microgrid includes AC loads, synchronous generators and
V lines. The DC microgrid includes DC loads, batteries, capacitors,
hotovoltaic (PV) generators and DC/DC converters. The interlink
onverters are bi-directional type with IGBT switches.

The proposed hybrid AC/DC microgrid, corresponding to the uni-
ed power quality conditioners, is introduced as the 13th member

f this family by the title of UPQC-DC. It is worth noting that the
etailed review of the UPQCs types falling into 12 different fam-

lies is presented in Ref. [21]. The UPQC-DG controller described
n Ref. [20] has the strongest similarity to the proposed scheme
he hybrid AC/DC microgrid.

with this difference that the proposed scheme is broadly responsi-
ble for controlling the hybrid microgrids, covering the voltage and
frequency stability, controlling the two-way power flow between
the AC and DC microgrids, and maintaining the power quality even
in the isolated mode (even in the worst load quality). In the pro-
posed scheme, although the DC microgrid provides the DC power
of local loads, it serves as a collection line, receiving the DC power
from renewable energy sources and exchanging power with differ-
ent energy storages and AC microgrid. As for AC microgrid, although
it provides the traditional AC loads, it absorbs the energy produced
by synchronous generators and AC grid and exchange a part of the
power with DC microgrid.

What follows is an overview of various features that can be
realized through the multi-objective UPQC-DC controller design.

2.1. Improving the quality of the voltage and current

One of the main objectives of the present research is using the
hybrid AC/DC microgrids to maintain the total harmonic distortion
(THD) of the microgrid voltage and the total demand distortion
(TDD) of the microgrid currents below 5% (according to the IEEE
519 standard [22]) and to keep the amplitude variations of the
microgrid voltage in the range of ±5% (according to the IEEE 1159
standard [23]) under different power quality problems.

In Fig. 2a, a simple representation of the compensation of power
quality in the grid connected mode is shown. As can be seen in
the compensation representation, due to utilizing the DC microgrid
capacity and the realization of two  freedom degrees for each con-
verter, the compensation diagrams has a four-quarter and circular
coverage. In this state, any variation of the load currents (IabcL)
can compensate with parallel compensator currents (IabcC), then
the drawn currents from the AC grid (IabcS) can remain pure sinu-
soidal. Subsequently, any variation in the grid voltages (Uabc) can
compensate with series compensator voltages (UabcC), then the
delivered voltages to the AC microgrid (UabcL) can remain pure
sinusoidal.
One of the innovations of the present research is the possibility
of providing microgrid with standard voltage in the isolated mode
while the load currents have the worst quality. It is worth noting
that, in the typical hybrid microgrids [12–16] in the isolated mode,
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ig. 2. (a) A simple representation of the compensation of power quality in the gri
he  isolated mode.

he quality of the delivered voltage is proportional to the conditions
f the consumer loads and allows for no guarantee of power quality.

n Fig. 2b, a simple representation of the compensation of power
uality in the isolated mode is shown. In the current scheme, an
utomatic earth switch provided a path to flow the zero sequence
urrent after the microgrid was disconnected from the main grid. In
his case, the first (series) and second (parallel) converters played
he roles of a static synchronous voltage source (SSVS) and an active
ower filter (APF), respectively. In this state, SSVS can supply the

solated microgrid with pure sinusoidal voltage (UabcC), while APF
ompensated any variation of the load currents (IabcL).

.2. Frequency stability and power swings compensation of AC
icrogrid

One of the major problems of AC microgrids is the frequency
tability and the power swings in the isolated mode, about which

umerous studies have been conducted [24–27]. However, another

nnovation of the present research was explaining how the pro-
osed scheme could compensate all fluctuations attributable to the

slanding/connecting process or the entry/exit of the loads/sources
ected mode. (b) A simple representation of the compensation of power quality in

or any fault in the microgrids through using an extra frequency
control loop on the control system of the series converter.

2.3. The compensation of the reactive power of loads

Another advantage of the proposed scheme is the continuous
compensation of the reactive power resulting from the non-linear
or induction loads of consumers. This conduce to maintain the
power factor close to one for all sources of AC microgrid in both
grid connected and isolated modes. In this case, a great portion of
the capacity of distribution transformers and AC sources feeding the
AC microgrid is released. On the other hand, in addition to reduced
power distribution losses, the need for common reactive compen-
sators is minimized in sub-transmission substations. The paths of
power flow and the manner of reactive power compensation are
shown in Fig. 3.

2.4. Power conversion between AC and DC microgrids
In the proposed hybrid microgrid scheme, controlling the pro-
duction of various distributed generation units is based on the
decentralized droop control method [6], whereas a coordinated
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Fig. 3. The paths of power flow and the manner of reactive power compensation.
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Fig. 4. The possible paths of powe

C/DC control method is suggested for proper power flow between
he two microgrids. The principle of the proposed method is based
n simultaneously capturing and analyzing the data relating to the
requency changes of AC microgrid as well as the voltage changes
f DC microgrid [5,11]. The coordinated AC/DC control system,
articularly manage the power conversion between AC and DC
icrogrids. In Fig. 4, an overview of the all possible paths of power

ow is shown in the proposed hybrid microgrid.

. The design of the proposed control systems for the
ybrid AC/DC microgrid
To achieve the objectives outlined in the previous section using
he potential of the hybrid AC/DC microgrid, the proposed con-
rol schemes are presented for each of the power converters of the
PQC-DC controller.
 in the proposed hybrid microgrid.

3.1. The control scheme of the parallel converter of the UPQC-DC

The control structure shown in Fig. 5 is suggested for generating
the current reference signal of the parallel converter of the hybrid
microgrid. The mentioned control system is designed in such a way
that in addition to removing all of the power quality problems relat-
ing to the load current [28] as well as compensating for the reactive
power under various conditions, the power conversion is managed
between the two microgrids, and the level of the voltage of the DC
microgrid is adjusted at the level of UDCref .

In Fig. 5, the parameters of UabcL,  IabcL, IabcC, Pset, UDC and
ωt represent the values of the three phase voltage of load, three
phase current of load, three phase reference signal for parallel com-
pensator, the set point value of the power conversion, the voltage
of the DC microgrid and angular position of the voltage phasor of

UabcL, respectively. The function of the proposed control system is
so that the active and reactive components of the load current (Ip
& Iq) are first extracted based on the pq theory [29] at any moment
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Fig. 5. The proposed control system for 

long with applying Cpq conversion and the phase lock on the load
oltage. The Cpq conversion is shown in (1).

Cpq =
√

2
3

⎡
⎢⎣

Sin(ωt) Sin(ωt − 2�
3

) Sin(ωt + 2�
3

)

−Cos(ωt) −Cos(ωt − 2�
3

) −Cos(ωt + 2�
3

)

⎤
⎥⎦ Ipq =

According to the instantaneous power theory [29], each of the
ctive and reactive components of the load current possesses a
oderate value (−) and a fluctuating value (∼) (including all of the

isturbances of the power quality). According to this theory, each
f these values can be selected and compensated with the aim of
ompensation.

In the present article, since the parallel compensation involves
he compensating of any harmonic distortion and reactive com-
onents of load currents, so all reactive components (Iq) and the

uctuating part of the active component (ĨP) of the load current
hould be provided by the compensator.

So, as shown in Fig. 5, the average values of the active com-

onents (IP) are calculated by the low pass filter, which is then
ubtracted from the total value (Ip), and the result would be the

uctuating value (ĨP). Further, the power flow controller (the coor-
inated AC/DC control system) provides the necessary control
ignal (Īpref ) for exchanging the required power between the two  AC
nd DC microgrids based on the proposed model in Fig. 6. Finally, by
pplying the transpose conversion of Cpq transform (CpqT ) [29], on
he calculated active and reactive currents (IpqC), the three-phase
eference currents or the currents which should be compensated
IabcC) are extracted as (1). Due to some reasons, including high
esponse speed, simplicity of the structure and lower cost [19],
he hysteresis method is employed for implementing the proposed
ontrol scheme.

.1.1. The coordinated AC/DC control system
Unlike the standalone AC or DC microgrid, power conversion in

he hybrid AC/DC systems is unattainable through the conventional
roop methods because during the isolated operation, the interface
onvertor simultaneously plays the role of a feeder for a microgrid
nd the role of a consumer for another microgrid [9]. Therefore, a
ew control method is required for controlling the power flow. In
his paper, a hybrid droop method is presented for controlling the
ower conversion in the interface converter of the AC/DC microgrid,
hereby the value of the active power required for transferring
rom one network to another is determined through the simulta-
eous measurement of the frequency of the AC microgrid and the
oltage of the DC microgrid as well as using the hybrid droop control
hown in Fig. 6.
rallel converter of the hybrid microgrid.

 × IabcL, IabcC = CpqT × IpqC (1)

Assuming the exclusion of switching losses (Pac = Pdc), the rela-
tions governing the proposed control system in Fig. 6 are as
presented in Eqs. (2)–(11).

PDCref =
1

KDC
(UDCref − UDCo) (2)

KDC =
1

PDCmax
(UDCmax − UDCmin) (3)

UDCo =

√
UDCref 2 − 1

Kωo
(��) (4)

��  = 2�f − � (5)

Kωo = Kω(
1
2

Cdc

Ts
) (6)

Kω = D+(
1

R1
+

1
R2

+· · ·+ 1
Rn

) (7)

PACref =
1
KAC

(�ωo) (8)

��o = K�o(UDCref 2 − UDC 2) (9)

KAC =
1

PACmax
(ωmax − ωmin) (10)

Pref = Pset + PDCref + PACref (11)

where:
ω = The angular frequency of the AC microgrid
�ω = The angular frequency deviation from the reference value
Kωo = The slope of the AC–DC droop characteristic
KDC = The slope of the DC droop characteristic
KAC = The slope of the AC droop characteristic
Pset = Power sharing set point
PDCref = The exchange rate of power from the DC microgrid to AC
PACref = The exchange rate of power from the AC microgrid to DC
Pref = The reference signal of power exchange between the two

microgrids
UDCo = The calculated voltage of the DC link
UDCmax = The maximum allowable voltage of the DC link
UDCmin = The minimum allowable voltage of the DC link
PDCmax = The maximum power of the DC link
PACmax = The maximum power of the AC source
Kω = The slope of the droop characteristic of the AC microgrid
Rn = The droop coefficient of the nth synchronous generator
D = The load damping constant of the AC microgrid
Cdc = The capacitance of the DC microgrid

Ts = The sampling time of simulation
�ωo = The calculated frequency changes of the AC microgrid
ωmax = The maximum allowable frequency of the AC microgrid
ωmin = The minimum allowable frequency of the AC microgrid
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Fig. 6. The proposed model for the coordinated control of power exchange between the two AC/DC microgrids.

Fig. 7. The proposed control scheme for the series convertor of hybrid microgrid.
Where:
Uabc = The three-phase voltage of the main AC grid
ωt  = The angular position of the Uabc voltage phasors in the grid connected mode, or the reference angular position in the isolated mode.
Mag  = The set magnitude of the AC microgrid voltage
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ag0 = The measured magnitude of the load voltage
abcC = The reference voltage of the series compensator
abcI = The ideal voltage to deliver to load

.2. The control scheme of the series converter of the UPQC-DC

Given the specific tasks of the series controller, including the
emoval of all power quality problems associated with the grid
oltage [28] (interruption, sag, swell, and voltage unbalance) and
ny change in the pure sinusoid form of the voltage wave form,
emoving the power swings, keeping synchronism, controlling the
tability of the AC microgrid, developing an uninterrupted sinu-
oid power supply, and controlling the voltage of the microgrid;
he control scheme presented in Fig. 7 is proposed.

The proposed control system presented in Fig. 7 functions in
ach of the grid connected and isolated modes as follows:

In the grid connected mode, the angular position of the AC grid
oltage (ωt) is extracted through the phase lock on voltage zero
rossing at any moment and is then added to the negative value of
he fluctuations of the AC microgrid (−Kω* �ω), and the result-
ng value is used as the sinusoid functions argument. Then, the
deal three-phase voltages are calculated through adjusting the Mag
alue to a desirable magnitude and comparing with the load volt-
ge magnitude (See Eq. (12)). The amount of the voltage that should
e injected into the grid by the compensator is calculated through
omparing the ideal obtained voltages and the instantaneous volt-
ges of the grid as Eq. (13).
abcI=(2Mag − Mag0) · [

Sin(ωt − Kω*��)

Sin(�t  − K�*�� − 2�/3)

Sin(�t − K�*�� + 2�/3)

] (12)
UabcC = UabcI − Uabc (13)

In the isolated mode, the angular position of the reference volt-
age of the AC microgrid is extracted through multiplying the ideal
angular velocity of 2�f by the real time at any moment and is then
added to the negative value of the fluctuations of the AC microgrid
(−Kω* �ω), and the resulting value is used as the sinusoid func-
tions argument. Then, the ideal three-phase voltages are calculated
through adjusting the Mag value to a desirable magnitude (usually
one pu) and comparing with the load voltage magnitude. Given the
opening of the main circuit breaker of the microgrid in the isolated
mode, the value of the Uabc is zero. As a result, the ideal obtained
voltage is the same amount of voltage that should be injected into
the grid by the compensator (See Eq. (14)). More about power swing
damping will be found in appendix.

UabcC = UabcI =(2Mag − Mag0) · [

Sin(2�ft − Kω∗��)

Sin(2�ft  − K�*�� − 2�/3)

Sin(2�ft − K�*�� + 2�/3)

](14

Due to some reasons, including the popularity and simplicity
of the structure and low cost for, the sinusoid pulse width modula-
tion (SPWM)  method is utilized to implement the proposed control
scheme of the series converter [19].
4. The simulation of the hybrid AC/DC microgrid

To verify the validation of the proposed design of the UPQC-DC
model and to examine the accuracy of the function of the proposed
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Fig. 8. The selected case study to verify the performance of the proposed UPQC-DC.
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Fig. 9. The UPQC-DC compensation performan

cheme within the scope of the objectives listed in Section 2, several
imulation is run and the results are presented in this section.

.1. Verification of the proposed UPQC-DC model

According to the multi-function design of the proposed UPQC-
C model, at the first step, it should be able to perform the routine

unctions of the UPQC. Hence as regards to well describe example
f UPQC compensation in Ref. [28], it selected as a case study. To
erify the performance of the proposed UPQC-DC in the presence
f several current and voltage disturbance sources, the model dis-
ribution system of Fig. 8 consisting of seven (linear and nonlinear)
uses is considered. System specifications are listed in Table A1

n Appendix A. The load at bus 5 is a three-phase nonlinear load
hat is considered to be the critical load to be protected by the
PQC. This load consists of three power electronic converters.

n this example harmonic distortion and voltage imbalance are

mposed on the network (Application Example 9.13 in Ref. [28]).
hunt and series branches of the UPQC start to operate at t = 0.04 s
nd t = 0.08 s, respectively. Fig. 9 show the UPQC-DC performance
n damping of harmonics in load voltage of bus 5 and line current
amping of harmonics and voltage restoration.

of branch 2. Although the harmonic components of critical load are
compensated by the shunt converter, the line current includes a
high-frequency component before the operation of series branch
occurs. After the operation of the series converter has occurred at
t = 0.08 s, high-frequency components of currents are damped sig-
nificantly as well as load voltage compensation. By comparison of
the simulation results in Fig. 9 with those reported in Ref. [28], an
excellent agreement is obtained demonstrating the accuracy of the
proposed simulation.

4.2. Performance of the proposed UPQC-DC

To examine the accuracy of the function of the proposed scheme
within the scope of the objectives listed in Section 2, the hybrid
microgrid shown in Fig. 1 is simulated in detail using the Mat-
lab/Simulink Software (see Fig. 10). The main AC grid is simulated
through a programmable three phase voltage source, a circuit

breaker, series impedance introducing distribution line, a set of
cut-out fuses, three phase 20/0.4 kV transformer with nominal
power capacity of 1 MVA  and Dyn11 connection, a fault simula-
tor, and a low voltage circuit breaker. The programmable three
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Fig. 10. The simulated model of propose

hase voltage source, make it possible to implement a variety of
armonics, amplitude or phase imbalances and to represent differ-
nt sequences (positive, negative and zero) in voltage wave forms
f main feeder. The breakers make it possible to isolate the micro-
rid during any abnormal condition. The fault block provides the
ossibility of implementation of one-phase, two-phase or three-
hase faults, with or without grounding, using different values of
rc and ground resistances. Moreover, the AC microgrid comprised

 distributed generation unit equipped with a synchronous gen-
rator, distribution lines, and active, reactive and harmonic loads.
ere, assumed that, all of the loads are located at the end of the
istribution line. The DC microgrid comprised a controlled pho-
ovoltaic (PV) generation unit through the maximum power point
racking, battery energy storage, capacitor and DC loads. In the pro-
osed design, the main sources of the energy for DC microgrid are
V arrays that provided maximum productive energy of the cells

nto the DC network using a boost DC/DC converter. The inter-
ink converters include of two series and parallel compensators.
he series compensator comprised three single-phase converters
hich are connected to the grid through three series transformers

nd low pass filters. The switching is controlled through the pulse
idth modulation and natural sampling with 6 kHz modulation fre-

uency. On the other hand, the parallel compensator comprised
 three-phase converter which is connected to the load side grid
hrough three inductive series filters. The three-phase converter is
ontrolled through the Hysteresis method and the fixed sampling
requency of 10 kHz. Finally, the earth switch, interlocked with the
ow voltage circuit breaker, is opened and closed in the grid con-
ected and isolated modes, respectively. It is worth noting, all of
he parameters of the intended grid are mentioned in Table A2 in
ppendix A. Further on, the results of different scenarios examined

n the proposed model are mentioned in this section.

.2.1. First scenario
Assumptions

Connection state: grid connected mode.

Active and reactive loads of AC microgrid: 800 kW and 400 kVar
respectively.
Harmonic contents of AC loads: 150 A of second harmonic, 500 A
of fifth harmonic and 200 A of seventh harmonic.
id AC/DC microgrid in Matlab/Simulink.

• Harmonic contents of AC grid voltage: 55% of the 5th harmonic
and 40% of the 7th harmonic.

• Steady state voltage drop of AC lines: 7%.
• Voltage sag due to the high impedance fault: 33% from 1.5 s until

1.6 s of simulation time.
• Total loads of DC microgrid: 300 kW.
• Available capacity of PV generation: 360 kW.

Given the above-mentioned assumptions, the wave forms of
currents drawn from AC sources, the voltage delivered to the AC
load, and the related harmonic spectrums before and after com-
pensation are all shown in Fig. 11. Fig. 11a–f depicts the currents
and voltages of AC microgrid before compensation, and the related
wave forms after compensation are displayed in Fig. 11g–L. As can
be seen, the current drawn from the AC grid contains 54.63% of the
total harmonic distortions before compensation, and a power swing
with a frequency of 2.5 Hz is evident (see Fig. 11a and b). However,
after compensation, the current drawn from the grid is purely sinu-
soidal with 2.2% of the total harmonic distortions, and no power
swings are observed after the fault occurrence (see Fig. 11g and
h). More importantly, the currents drawn from the synchronous
generator become definitely unstable in the event of prolonged
fault establishment and exit the grid (see Fig. 11c). In this case,
the harmonic distortions of the current drawn from the generator
is limited to 23.8% because of the higher impedance of the gener-
ator (see Fig. 11d). However, despite the presented compensation
plan, in addition to maintaining the stability of the synchronous
generator and removing the power swings after the fault, the total
harmonic distortions of the current drawn from the generator is
restricted to 2.5% (see Fig. 11i and j). Finally, the status of the voltage
delivered to the load is depicted in Fig. 11e under different power
quality issues (presence of harmonics, drops and sags). Addition-
ally, as can be seen in the harmonic spectrum in Fig. 11f, the total
harmonic distortion of the grid voltage measured roughly 70%, and
in this case, the grid conditions would not certainly remain stable.
Further, in addition to the collapse of the synchronization of the
AC generators due to the emergence of large negative components,

the loads of consumers would undergo serious damages. However,
given the proposed plan, the voltage delivered to the microgrid is
purely sinusoidal with 2.5% of the total harmonic distortions as well
as an amplitude of one pu (see Fig. 11k and L) (it is worth noting
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Fig. 11. Drawn currents from AC sources, delivered voltage to

hat all fast fourier transforms (FFTs) are applied during 2.5–3.0 s
f simulation time).

The general status of the power flow, voltage control and adjust-
ng the power factor of the AC sources in the AC/DC microgrid are
escribed in Fig. 12. Fig. 12a shows the load current of the DC micro-
rid almost constant at 0.5 pu, or 500 A (300 kW), and as can be
een, the load current of the DC microgrid is least affected by the
ault in the AC grid. Fig. 12b displays the load current of the AC

icrogrid almost constant at 0.9 pu, or 900 A, including both active
nd reactive components. In addition, in spite of the fault in the
pstream grid, the load current received the minimal effects from
he fault. Fig. 12c shows the current inflows to the DC microgrid
hrough both series and parallel exchange links. As can be seen,
pon the occurrence of the fault, the current of the series link rises
o 0.2 pu in the negative direction (from the DC to AC microgrid)
o cover the drop in the AC grid voltage, while the current of the
arallel link in the positive direction (from the AC to DC microgrid)

ncreases to cover the voltage drop in the DC microgrid. Fig. 12d dis-
lays the current of the PV boost converter in which around 0.6 pu
600 A) of the current is delivered to the DC microgrid at a rated
oltage under maximum power point tracking (MPPT) method, and
n the event of fault occurrence and reduced voltage, the output
urrent is raised accordingly. The current of the microgrid batter-
es and their state of charge (SoC) are displayed in Fig. 12e and f,
espectively. Additionally, as can be seen, until the occurrence of

ny faults in the AC microgrid, the excess of the production capac-
ty of the solar cells charges the batteries with a current measuring
oughly 0.07 pu (70 A). But as soon as the fault occurs, the battery
and related harmonic spectrums before & after compensation.

SoC changes into the discharge mode and provides the required
current of the series link to control the voltage of the AC micro-
grid. In Fig. 12g, the voltage of the DC microgrid is shown at one
pu (600 V), and as can be seen, with the fault occurrence in the AC
microgrid, the parallel converter (see Fig. 12c) injects the current
deficit of the microgrid into the DC link and the voltage reduction
of the DC microgrid is limited. Fig. 12h shows the voltage of the AC
microgrid at one pu, and upon the fault and voltage sag occurrence
as much as 33%, only a 2% voltage drop is imposed on the AC micro-
grid. In Fig. 12i, the current drawn from the AC grid is displayed.
Under normal conditions, an active current of 0.6 pu (600 kW)  is
received from the grid, whereby 75% of the 800-kW load power is
supplied. Upon the fault occurrence, the current drawn from the AC
grid lessens (see Fig. 12i), and the deficit is compensated through
raising the current of the generator (see Fig. 12j) in such a way
that the load currents do not experience any deficits (see Fig. 12b).
However, after fault clearance, the problem of power swings arises
due to the surplus of energy in the microgrid, rupturing the bal-
ance between the generation and consumption. Given the control
plan of the series converter, the energy balance is established in
the microgrid by means of injecting a current proportional to the
oscillations of the generator current, and the oscillations is damped
in the very first cycle. Fig. 12j shows the current drawn from the AC
generator (measuring approximately 0.2 pu (200 kW)  under nor-
mal  conditions), whereby the remaining 25% of the 800-kW load

power is supplied. The explanation of how the generator functions
at the time of fault occurrence was  mentioned above. In Figs. 12k
and L, the power factor of the AC grid and generator are shown,
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Fig. 12. The overall status of the power flow, voltage control a

espectively. Also, as can be seen, the parallel controller adjusts the
ower factor of the microgrid sources in a unit value. Furthermore,
he direction of the generator current is reversed only at the time
f fault clearance because of the power swing, and the power factor
ecomes −1.

.2.2. Scenario two
Assumptions

Connection state: grid connected mode.
Active and reactive loads of AC microgrid: 800 kW and 400 kVar
respectively.
Harmonic contents of AC loads: 150 A of second harmonic, 500 A
of fifth harmonic and 200 A of seventh harmonic.
Harmonic contents of AC grid voltage: 55% of the 5th harmonic
and 40% of the 7th harmonic.
Steady state voltage drop of AC lines: 7%.
Available capacity of PV generation: 360 kW.
Total loads of DC microgrid: 300 kW which step up to 600 kW
during 1.3–1.9 s.
Energy conversion set point (Pset): change to 0.2 pu during
2.3–3 s.

Given the above-mentioned assumptions, Fig. 13 displays the
verall status of the power flow, voltage control, and power factor
orrection in the hybrid AC/DC microgrid during the current sce-
ario. In the first part of this scenario, a step up in the load of the
C microgrid from 300 kW to 600 kW results in a rise in the load
urrent from 0.5 to about 0.95 pu (due to the drop of the voltage of
he DC microgrid to 0.97 pu) (see Fig. 13a). This increase in the load
urrent of the DC microgrid should be covered by the microgrid

ources, but due to the limited available capacity (0.6 pu) of the PV
nit (see Fig. 13e), the deficit of the load current is compensated
hrough discharging the batteries of the microgrid to nearly 0.2 pu
see Fig. 13f) as well as a simultaneous rise in the current of the
usting the power factor of the AC sources in hybrid microgrid.

parallel DC link to around 0.2 pu (see Fig. 13c). Since the excess of
the current of the parallel DC link is provided by the AC grid, the
current drawn from the AC grid is raised proportional to the DC
link current (see Fig. 13k). During the overload occurrence in the
DC microgrid, the voltage and the load current of the AC microgrid
remains almost unchanged (see Figs. 13i and j), and the output cur-
rent of the AC generator remains relatively constant because of its
fixed power set point (see Fig. 13L). In addition, the current of the
series DC link, responsible for adjusting the voltage delivered to the
AC microgrid, rise slightly when the DC load current steps up (see
Fig. 13d). Given the droop slope of the DC microgrid sources, the
microgrid voltage reduced as much as 0.97 pu (see Fig. 13h), and the
output current of the PV unit converter is escalated proportional to
the voltage drop by the MPPT control system (see Fig. 13e). Finally,
the power factors of the AC microgrid sources, including the gen-
erator and the AC grid, are kept constant as displayed in Figs. 13m
and n.

In another section of the above-mentioned scenario, after the
obviation of the overload of the DC microgrid, the power conver-
sion set point (Pset) of the parallel controller is raised to 0.2 pu (at
time of 2.3 s) to transmit the power from the DC to the AC micro-
grid. By issuing the command of changing the set points as shown
in Fig. 13b, the batteries exit the charging mode (see Fig. 13f), and a
major part of the required current is provided to be transferred to
the AC microgrid through releasing a part of the current of the solar
cells (the current spent on charging batteries). A small portion of
the required current is supplied by imposing a 3% drop on the volt-
age of the DC microgrid (see Fig. 13h) as well as the performance
of the MPPT control system (see Fig. 13e). With the release of the
capacity of the DC microgrid, the required power of the AC micro-
grid is provided by the parallel DC link (see Figs. 13c). Additionally,

during the changes of the power flow, the drawn current from AC
grid is reduced (see Fig. 13k), while the AC voltage amplitude (see
Fig. 13i), the AC load current (see Fig. 13j) and the produced current
of the synchronous generator remains unchanged, and the power
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Fig. 13. The overall status of the power flow, voltage cont

actor of the generator (see Fig. 13n) and AC grid (see Fig. 13m)
emains in a unit value.

To evaluate the complete capability of the UPQC-DC controller
lan toward controlling the power conversion and power quality
f the hybrid AC/DC microgrid simultaneously, the whole voltage
nd currents of the AC microgrid are analyzed in terms of the total
armonic distortions in the current scenario (see Fig. 14). As can be
een in Fig. 14a, the load current is constant, while the total har-
onic distortion is 37%, and the amplitude is 0.87 pu (see Fig. 14a

nd b). However, the currents drawn from the AC grid (see Fig. 14e
nd f) as well as the synchronous AC source (see Fig. 14i and j) are
lmost purely sinusoidal with total harmonic distortions of 2.5%.
n the other hand, the voltage of the AC grid is considered strongly
armonic with total harmonic distortions of 70% and an amplitude
f 0.93 pu (see Fig. 14c and d). In addition, with appropriate com-
ensation of the series controller, the voltage delivered to the AC

oad is sinusoidal with total harmonic distortions of 2.5% and an
mplitude of 0.99 pu (see Fig. 14g and h). (it is worth noting that all
FTs are applied during 1.5–1.9 s of simulation time in which the
aximum currents are exchanged between the two microgrids).

.2.3. Scenario three
Assumptions

Connection state: the microgrid is isolated from main grid at sec-
ond one of simulation.
Active and reactive loads of AC microgrid: 400 kW and 150 kVar
respectively.
Harmonic contents of AC loads: 150 A of second harmonic, 500 A
of fifth harmonic and 200 A of seventh harmonic.
Available capacity of PV generation: 400 kW.
Total loads of DC microgrid: 300 kW.
The AC generator capacity: 300 kW.
The DC batteries capacity: 100 kWh.
Given the above-mentioned assumptions and the bad condi-
ions of the quality of the load currents as shown in Fig. 15 with 71%
f the total harmonic distortions; the voltage and currents of the
d power factor correction in the hybrid AC/DC microgrid.

microgrid in the proposed plan and similar previous plan [20] are
compared in Fig. 16. As can be seen, if the traditional hybrid micro-
grid plan is used, the currents drawn from the AC/DC converter
(see Fig. 16c and d) and the synchronous generator (see Fig. 16e
and f) will be directly affected by the load current, and the volt-
age delivered to the load (see Fig. 16a and b) will be inevitably
non-sinusoidal. However, unlike all previous articles, it is the first
time that the present article employs a series converter instead
of employing a parallel one as a synchronous source in the iso-
lated mode, and the possibility of applying a parallel converter, as
the power quality compensator, has been provided. Having used
the proposed plan in the present study, the currents drawn from
the synchronous generator (see Fig. 16k and L) and the series
transformer (see Fig. 16i and j) are sinusoidal with total harmonic
distortions of 1.5% and 3.75%, and the voltages delivered to the
load (see Fig. 16h and g) are almost purely sinusoidal with total
harmonic distortions of 2.5%. In the isolated mode, two of the key
issues in the microgrids are the power swings and the collapse of
the synchronization. As shown in Fig. 16, in the proposed plan, the
issue of power swings and exiting the synchronous frequency are
completely resolved thanks to a SSVS, and the designed control sys-
tem did not allow for any microgrid instability (it is worth noting
that all FFTs are applied during 2.5–3.0 s of simulation time).

After studying the power quality issues of the voltage and the
currents of the hybrid microgrid in the isolated mode, the status
of the power conversion, voltage stability and power factor correc-
tion in the AC/DC microgrid, are also evaluated. Given the isolated
mode, the most important issues facing the microgrid are the power
deficit and the voltage drop in addition to the loss of synchroniza-
tion. In Fig. 17, the most important variables of the hybrid microgrid
are shown under the above-mentioned scenario. In the isolated
mode, given that the generation capacity of the AC generator was
300 kW and the microgrid load measured 400 kW,  the generator of
the AC microgrid faced power swings (see Fig. 17j) and drops in
voltage (see Fig. 17h) and frequency. As a result, the load current

lessened, too (see Fig. 17b). In this regard, given the coordinated
AC/DC control system which is sensitive to frequency drops, the
parallel DC link injects the required current of the AC microgrid
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Fig. 14. The whole voltage and currents of the AC microgrid and related harmonic spectrums.
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Fig. 15. The load current wave form of

nto the system (see Fig. 17c) though imposing the voltage drop
n the DC microgrid (see Fig. 17g) during the isolation from the
ain grid. Moreover, after the stability of the microgrid and trans-
erring the load to the series DC link of the microgrid, the parallel
C link performs its duties, including the full compensation for the

eactive power of the load and power quality issues. In the isolated
ode, the series DC link is responsible for supplying the energy
 A and its related harmonic spectrum.

of the series AC/DC converter with the aim of developing a SSVS,
controlling the power swings, and controlling the voltage of the
AC microgrid. In this regard, by entering the isolated mode and

the occurrence of power swings in the AC generator, the control
system of the series AC/DC converter supplies the required cur-
rent to damp the power swings through the series DC link (see
Fig. 17c) and a series transformer (see Fig. 17i). Simultaneous with
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Fig. 16. The voltage and currents of the hybrid AC/DC microgrid in the proposed plan and the conventional plans.

 facto

c
i
v
o

Fig. 17. The overall status of the power flow, voltage control, and power
ontrolling the power swings, the series transformer starts mak-
ng voltage (see Fig. 17h) and after the voltage reaches the nominal
alue of the microgrid, the series transformer provides the deficit
f the current required by the AC microgrid in the form of a static
r correction in the hybrid AC/DC microgrid via isolation from main grid.
synchronous generator (see Fig. 17i). In this regard, the required
current of the series DC link to suppress the power swings is pro-
vided through quickly charging and discharging batteries of the DC
microgrid (see Fig. 17e and f). The current of the DC microgrid is
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Table. 1
The harmonic measurements result for each scenario, including load voltage, grid current and generator current.

Very short time harmonics measurement according to the IEEE Std 519-2014

Harmonic number Scenario
one

Scenario
two

Scenario
three

Scenario
four

Load
voltage (%)

AC grid
current (%)

Generator
current (%)

Load
voltage (%)

AC grid
current (%)

Generator
current (%)

Load
voltage (%)

Serie trans
current (%)

Generator
current (%)

Load
voltage (%)

Serie trans
current (%)

Generator
current (%)

1 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
2  0.31 0.51 0.51 0.21 0.64 0.81 0.13 0.66 0.26 0.12 0.41 0.29
3  0.62 0.87 1.21 0.72 1.21 1.92 1.24 2.70 0.53 1.14 2.25 0.53
4  0.43 0.27 0.47 0.67 0.33 0.91 0.08 0.37 0.08 0.07 0.34 0.13
5  0.84 0.65 0.74 1.28 1.27 1.46 1.06 2.50 0.35 1.07 1.65 0.40
6  0.52 0.30 0.44 0.67 0.60 0.60 0.09 0.34 0.09 0.08 0.31 0.11
7  0.54 0.82 0.75 0.34 1.15 0.97 0.41 0.92 0.25 0.41 0.86 0.31
8  0.21 0.21 0.20 0.35 0.32 0.31 0.09 0.35 0.09 0.09 0.25 0.09
9  0.50 0.31 0.40 0.47 0.71 0.81 0.28 0.60 0.14 0.32 0.48 0.17
10  0.22 0.18 0.26 0.31 0.27 0.36 0.12 0.33 0.10 0.10 0.25 0.10
11  0.46 0.38 0.34 0.49 0.48 0.49 0.52 0.57 0.25 0.60 0.30 0.26
12  0.26 0.16 0.26 0.25 0.16 0.23 0.09 0.26 0.07 0.10 0.21 0.09
13  0.41 0.17 0.25 0.32 0.32 0.36 0.35 0.35 0.17 0.22 0.31 0.15
14  0.22 0.10 0.17 0.22 0.18 0.24 0.11 0.24 0.08 0.09 0.15 0.07
15  0.42 0.19 0.28 0.37 0.29 0.38 0.23 0.33 0.09 0.23 0.27 0.09
16  0.25 0.10 0.19 0.26 0.20 0.25 0.07 0.20 0.05 0.08 0.13 0.06
17  0.35 0.13 0.18 0.29 0.19 0.26 0.14 0.31 0.08 0.20 0.19 0.10
18  0.25 0.09 0.17 0.20 0.14 0.17 0.10 0.18 0.06 0.12 0.14 0.07
19  0.31 0.10 0.18 0.27 0.17 0.22 0.20 0.18 0.09 0.16 0.16 0.08
20  0.22 0.08 0.17 0.20 0.12 0.14 0.10 0.17 0.06 0.11 0.12 0.07
21  0.36 0.13 0.23 0.28 0.22 0.27 0.20 0.17 0.07 0.19 0.15 0.09
22  0.26 0.09 0.19 0.28 0.19 0.22 0.14 0.14 0.07 0.12 0.11 0.07
23  0.27 0.09 0.18 0.27 0.19 0.22 0.26 0.20 0.10 0.26 0.16 0.10
24  0.21 0.07 0.15 0.19 0.15 0.16 0.16 0.16 0.08 0.19 0.13 0.10
25  0.28 0.07 0.16 0.21 0.13 0.18 0.20 0.17 0.08 0.18 0.15 0.10
26  0.20 0.07 0.16 0.21 0.11 0.15 0.18 0.16 0.08 0.18 0.13 0.09
27  0.25 0.07 0.16 0.24 0.16 0.20 0.28 0.20 0.09 0.21 0.17 0.12
28  0.23 0.09 0.19 0.27 0.15 0.17 0.19 0.13 0.08 0.21 0.12 0.10
29  0.32 0.06 0.17 0.27 0.12 0.16 0.24 0.17 0.10 0.26 0.14 0.11
30  0.23 0.06 0.17 0.27 0.14 0.16 0.19 0.12 0.08 0.29 0.15 0.13
31  0.38 0.06 0.16 0.44 0.15 0.23 0.25 0.14 0.09 0.26 0.11 0.10
32  0.24 0.06 0.17 0.18 0.10 0.11 0.22 0.12 0.09 0.35 0.14 0.14
33  0.31 0.06 0.17 0.28 0.11 0.16 0.40 0.14 0.11 0.44 0.11 0.14
34  0.24 0.06 0.14 0.26 0.16 0.19 0.30 0.13 0.11 0.32 0.10 0.11
35  0.39 0.07 0.21 0.28 0.14 0.17 0.39 0.11 0.11 0.34 0.10 0.13
36  0.27 0.06 0.19 0.24 0.17 0.16 0.28 0.09 0.09 0.36 0.10 0.12
37  0.39 0.06 0.19 0.43 0.20 0.17 0.36 0.12 0.11 0.28 0.08 0.09
38  0.38 0.06 0.18 0.43 0.17 0.19 0.34 0.11 0.10 0.36 0.06 0.10
39  0.40 0.06 0.18 0.57 0.20 0.26 0.34 0.11 0.08 0.43 0.07 0.12
40  0.48 0.08 0.26 0.49 0.20 0.27 0.47 0.10 0.12 0.31 0.04 0.09
41  0.68 0.09 0.31 0.50 0.21 0.24 0.35 0.11 0.09 0.56 0.09 0.14
42  0.52 0.07 0.25 0.62 0.24 0.34 0.39 0.06 0.09 0.32 0.04 0.08
43  0.74 0.08 0.34 0.61 0.20 0.27 0.28 0.12 0.05 0.37 0.06 0.07
44  0.47 0.08 0.29 0.66 0.18 0.31 0.27 0.05 0.06 0.27 0.03 0.05
45  0.56 0.07 0.31 0.36 0.16 0.20 0.35 0.11 0.06 0.27 0.04 0.06
46  0.36 0.07 0.23 0.34 0.14 0.19 0.25 0.05 0.05 0.19 0.03 0.04
47  0.50 0.06 0.28 0.37 0.17 0.23 0.27 0.07 0.05 0.43 0.11 0.06
48  0.39 0.04 0.19 0.30 0.15 0.20 0.29 0.10 0.04 0.23 0.05 0.04
49  0.43 0.07 0.27 0.28 0.17 0.23 0.27 0.15 0.04 0.27 0.07 0.04

0
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50  0.28 0.04 0.19 0.25 0.13 

THD  (%) 2.81 1.70 2.33 2.95 2.73 

ncreased two ways by the voltage drop in the DC microgrid in the
solated mode: firstly, by reducing the load current of the DC micro-
rid (see Fig. 17a), and secondly, by increasing the current of the
oost converter of the PV unit (see Fig. 17d) based on the perfor-
ance of the MPPT system. Fig. 17k and L display the power factor

f the series transformer (SSVS) and the AC generator of the micro-
rid, respectively. As can be seen, in the event of power swings in
he AC generator (during the first 200 ms), the current directions of
he series transformer and generator are opposite.
.2.4. Scenario four
Assumptions

Connection state: the microgrid is in islanding mode.
.17 0.21 0.08 0.03 0.23 0.05 0.03

.42 2.45 4.13 0.97 2.47 3.16 1.06

• Active and reactive loads of AC microgrid: 400 kW and 150 kVar
respectively.

• Harmonic contents of AC loads: 150 A of second harmonic, 500 A
of fifth harmonic and 200 A of seventh harmonic.

• Available capacity of PV generation: 500 kW.
• Total loads of DC microgrid: 300 kW.
• The AC generator capacity: 300 kW.
• The DC batteries capacity: 100 kWh.
• DC loads variations: step up the loads to 600 kW during 1.5–2 s.
• AC loads variations: step up the loads to 600 kW and 250 kVar
during 2.5–3 s.

Having considered the assumptions as well as the above-
mentioned conditions, the variations of the amplitudes of different
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Fig. 18. The overall status of the power flow, voltage control, and pow

arameters of AC and DC microgrids are depicted in Fig. 18. More-
ver, Fig. 18a displays the changes of the load current in the DC
icrogrid due to an increase in the load from 300 kW to 600 kW

ver 1.5–2.0 s. In addition, as can be seen, the load current increased
rom 0.5 pu to 0.95 pu due to the droop slope of the DC microgrid
ources (see Fig. 18g). Given the lack of excess power capacity in
he AC microgrid, all of the excess load currents of the DC microgrid
re received through the discharge of the batteries of the microgrid
see Fig. 18e) and the maximum power capacity of the solar cells
see Fig. 18d). Given the direct feeding of the SSVS with the voltage
f the DC microgrid, the drop of the DC microgrid voltage has some
ffects on dropping the voltage of the AC microgrid (see Fig. 18h). In
ddition, the drop of the voltage of the AC microgrid lessens the load
urrent (see Fig. 18b), the series transformer current (see Fig. 18i)
nd the related DC link current (see Fig. 18c).

Fig. 18b shows the changes of the load current in the AC micro-
rid due to step up of load from 400 kW to 600 kW over 2.5–3.0 s,
nd as can be seen, the load current increased from 0.4 pu to 0.57
u due to the voltage drop of the AC microgrid. Given the 300 kW
roduction limits of the AC microgrid, the deficit of the required
ower of the AC load should be supplied by the SSVS through the
C link. To this end, with the increase of the load of the AC micro-
rid from 400 kW to 600 kW,  the current of the series DC link (see
ig. 18c) increased from 0.19 to 0.43 pu, and subsequently, the cur-
ent of the series transformer (see Fig. 18i) experienced a rise from
.12 to around 0.27 pu. On the other hand, given the increased reac-
ive power of the load from 150 kVar to 250 kVar, the level of the
urrent of the parallel DC link (see Fig. 18c) rise from about 0.03 to
.05 pu. Given the increased currents of both series and parallel DC

inks demanded by the AC microgrid, the batteries of the DC micro-
rid exit charging, whereby the current demanded by the load is
rovided. In this regard, given the droop characteristics of the DC
icrogrid, the voltage of the microgrid witnessed about a 3% drop,

eading to nearly a 3% increase in the current of the boost converter
f the solar power plant. On the other hand, the voltage drops of the

C microgrid caused a small drop in the voltage of the AC microgrid
s well. Finally, the power factor of the sources of the AC microgrid
ctor correction in the hybrid AC/DC microgrid in the islanding mode.

are shown in Fig. 18k and L, and as can be seen, these values are
constantly kept at a unit value by the proposed control system.

Given the mentioned capability of the proposed plan to realize
the objectives of controlling the power flow and maintaining the
power quality in the isolated mode simultaneously, the results of
the voltage delivered to the load as well as the currents drawn from
the sources of the microgrid are depicted in Fig. 19 under the poor
quality conditions of the load current and other conditions of this
scenario. As can be seen, the voltage delivered to the load as well
as the currents drawn from the synchronous generator and series
transformers are almost pure sinusoidal (it is worth noting that all
FFTs are applied during 2.5–3.0 s of simulation time).

4.3. Harmonic measurements

For the purposes of assessing harmonic levels for comparison
with the recommended limits in the IEEE Std 519-2014, harmonic
measurements are done for the all mentioned scenarios based on
the very short time harmonic measurement method. Very short
time harmonic values are assessed over a 3-second interval based
on an aggregation of 15 consecutive 10 cycle windows. Individual
frequency components are aggregated based on an rms  calculation
as shown in Eq. (15) where F represents voltage or current, n repre-
sents the harmonic order, and i is a simple counter. The subscript vs
is used to denote “very short”. In all cases, F represents an rms value.
The harmonic measurements result is shown in Table 1. Where, for
each scenario, three measurements of load voltage, grid current
and generator current are done considering harmonic components
up to the 50th order. Finally, THD values are calculated based on
these harmonic components at the bottom of Table 1. Comparing
both individual and total harmonic distortions with recommended
harmonic voltage and current limits in Ref. [22], a good aggregation
is done in all scenarios.
Fn,vs =

√√√√ 1
15

15∑
i=1

Fn,i 2 (15)
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Fig. 19. The voltage and currents of the propo

. Conclusion

In this paper, a new unified power quality conditioner named
PQC-DC was  introduced and a new proposal was  put forward to
evelop the traditional distribution networks into the hybrid AC/DC
mart grids. In this plan, utilizing the capacity of DC microgrid, the
ossibility of the simultaneous realization of the goals of power
uality and power flow control was provided in both the grid con-
ected and isolated modes. According to the proposed functions of
he SSVS and APF, the operation of the network in islanded mode is
chieved in accordance with the power quality standards even in
he worst load quality conditions for the first time. The proposed
ontrol system for the series compensator was equipped with a
ast response proportional feedback control to damp any power
wings and achieve frequency stability. The proposed hybrid con-
rol system for the parallel compensator could play the role of
he secondary central control for the voltage stability of the DC

icrogrid. Finally, having investigated the results of four simulated
cenarios with poor power quality and the need for spontaneous
xchange of power between the AC and DC microgrids, the effi-
iency of the proposed plan was studied according to the IEEE-519
tandards.
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ppendix A. Power swing damping

16) Power swing damping

During the steady state condition, power systems operate on
he nominal frequency. The complete synchronism of nominal
requency and voltage at the sending and receiving ends cause com-

lete balance of active and reactive power between generated and
onsumed powers. Power system faults, line switching, generator
isconnection, and the loss or application of large blocks of load
esult in sudden changes to electrical power. Whereas the mechan-
ybrid AC/DC microgrid in the islanding mode.

ical power input to generators remains relatively constant. In this
case, the instantaneous mechanical power provided by the turbine
is no longer equal to the instantaneous electrical power delivered
or required by the load and this will cause oscillations in rotor angle
and can result in severe power swings. the strategy for power swing
control is developed based on the transient energy function. The
approach adopted to develop the series compensator control strat-
egy relies on the fact that to damp the low frequency oscillations
(power swings), the energy function must reduce with time. This
requires the time derivative of the energy function of the system
with the series voltage controller to be less than or equal to zero.
The control law has been developed for a single machine infinite
bus system under the assumption that the generator dynamics are
represented by a classical model. With usual notations, the energy
function for a lossless single machine infinite bus system with syn-
chronous generator is given by the expression.

E = 1
2
Mω2 − EgEb

X
(cos ı − cos ı0) − Pm(ı − ı0) (16)

In the above equation ı0 is the rotor angle at the stable operating
point. The time derivative of Eq. (16) is given by

dE
dt

= (M
dω
dt

− Pm)
dı
dt

+ EgEbsin ı

X

dı
dt

= −Pe dı
dt

+ EgEbsin ı

X

dı
dt

(17)

The insertion of a voltage source Ep in the system is equivalent
to connecting a series resistance Rs in the line. The generated power
Pe with the series controller is given by

Pe=
RsE2

g − RsEgEbcos ı + EgEbXsin ı

R2
s +X2

(18)

substituting Eq. (18) in Eq. (17), the expression for the rate of change
of energy with time is obtained as
dE
dt

= − Rs(1 − cos ı)ω

X2
(19)

Note: In deriving Eq. (18) it is assumed that Rs2 � X2 and
Eg = Eb = 1 pu.
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Table A1
Specification of the model distribution system of Fig. 8.

Medium voltage network Distribution transformer Arc furnance transformer

Nominal voltage 20 kV Nominal power 2 MVA  Nominal power 5 MVA
Frequency 50 Hz Nominal rate 20/0.4 kV Nominal rate 20/0.7 kV
Source  resistance 5 � Frequency 50 Hz Frequency 50 Hz
Source  reactance 2 � Winding connection Yyn Winding connection Yyn
Ground resistance 10 � R1 0.001 pu R1 0.005 pu
Distribution lines L1 0.05 pu L1 0.05 pu
ZL1  0.01 + j0.003 � R2 0.001 pu R2 0.005 pu
ZL2  0.03 + j0.006 � L2 0.05 pu L2 0.05 pu
ZL3  0.1 + j0.3 � Nonlinear load
ZL4 0.01 + j0.08 � Thyristor-controlled rectifier Firing angle  ̨ = 0 IDC = 700 A
Unbalanced linear load Critical loads
Za  0.08 + j0.06 � Three phase thyristor-controlled rectifier Firing angle  ̨ = 30 IDC = 10 A
Zb  1 + j0.7 � Single phase thyristor-controlled rectifier Firing angle  ̨ = 45 IDC = 10 A
Zc  0.03 + j0.006 � Single phase diode rectifier IDC = 5 A

Table A2
Specification of the model hybrid AC/DC microgrid of Fig. 10.

AC generator AC grid AC transformer

Nominal power 300 KVA Nominal power 15 MVA  Nominal power 1 MVA
L-L  voltage 400 V L-L voltage 20 kV Nominal rate 20/0.4 kV
Frequency 50 Hz Frequency 50 Hz Frequency 50 Hz
Rs  (stator resistance) 0.007 pu First harmonic 1.00 pu Winding connection D1yn
Ll  (stator leakage inductance) 0.19 pu Fifth harmonic 0.55 pu R1 0.002 pu
Lmd  (d-axis magnetizing inductance) 1.51 pu Seventh harmonic 0.40 pu L1 0.08 pu
Lmq  (q-axis magnetizing inductance) 1.46 pu HV line impedance 5 + j2 � R2 0.002 pu
Rf  (field resistance) 0.0011 pu LV lines impedance 0.5 + j0.1 � L2 0.08 pu
Llfd  (field leakage inductance) 0.12 pu PV on DC grid Rm 500 pu
Rkd  (d-axis damper resistance) 0.014 pu Nominal power 500 kW Lm 500 pu
Llkd  (d-axis damper leakage inductance) 0.081 pu Nominal voltage 600 V Parallel AC/DC controller
Rkq1  (q-axis damper resistance) 0.001 pu PV MPPT converter KDC 0.09 V/kW
Llkq1  (q-axis damper leakage inductance) 0.81 pu MPPT PWM  freq 5000 Hz KAC 0.077 (rad/s)/kW
Rkq2  (q-axis damper resistance) 0.009 pu Time window MPPT 0.0002 s Kw 20 kW/(rad/s)
Llkq2  (q-axis damper leakage inductance) 0.089 pu Rdc 0.002 A/V DC link capacitance 5000 �F
Turbine, governor & exciter Filter inductance 1 mH Filter inductance 0.4 mH
TG (governer time constant) 0.02 s Filter capacitance 3000 �F Hysteresis frequency 10 kHz
Ttrb (turbine time constant) 0.01 s Battery on DC grid Serie AC/DC controler
Kfd (exciter gain) 0.07 Nominal power 100 kWh  Kw 20 kW/(rad/s)

age 

op coe

R

R

E

s

�

R

[

[

[

[

[

[

[

[

Tfd (exciter time constant) 0.08 s Nominal volt
H  (rotor inertia) 0.2 s Rbat 

Converter dr

For dE
dt ≤ 0 the sufficient condition is

s ∝ (1 − cos ı)ω (20)

Introducing a proportionality constant K where K > 0

s = K(1 − cos ı)ω (21)

Since Ep = ImRs the expression for the real voltage Ep is given by

p = KIm(1 − cos ı)ω (22)

Linearizing the Eq. (22) (and since ω0 = 0), the control law for
eries voltage control is obtained as

Ep = Kω�ω  (23)
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