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1 Abstract: This paper reports a new control strategy to improve sharing of unbalanced currents in
= islanded LV microgrids. This technique provides fast and effective sharing of positive-, negative- and
s zero-sequence currents, and is the first example of zero-sequence current sharing in the literature.
«  The controllers are designed in the stationary frame. The control structure consists of four loops;
s 1) the current controller; 2) the voltage controller; 3) the droop controller and the 4) negative and
s  zero sequence current controllers. The output current is considered unknown for the controller and
»  is added to the control system as a disturbance. The proposed controller features a high gain in
¢ fundamental and harmonic frequencies, hence a good voltage quality is obtained in the presence of
s  unbalanced and nonlinear loads. To this aim, a proportional-resonant (PR) controller is adopted as
1o the current controller. By using a multi-resonant controller as current controller, a unified control
1 structure is obtained which is suitable for both grid-connected and islanded modes. The voltage
= controller is designed using a resonant controller so that the voltage can have low VUF and THD
1z in the presence of unbalanced and nonlinear loads. Furthermore, in this paper droop method is
1« applied to the control structure to share real and reactive powers. Simulation studies show that the
s conventional droop method cannot share the oscillatory part of the output power that is due to the
16 presence of unbalanced loads in the microgrid. This paper relies on using zero and negative sequence
1z virtual impedance controller to share the oscillatory part of output power. By using zero-sequence
1e  virtual impedance controller (ZSVIC) and negative-sequence virtual impedance controller (NSVIC),
1o the zero and negative sequence currents in the microgrid are controlled and shared effectively. By
20 compensating zero- and negative-sequence currents locally, the flow of these currents in the microgrid
=z is minimized, and the overall power quality of the islanded LV microgrid is improved.

2 Keywords: Distributed generation, LV microgrid, negative-sequence current, zero-sequence current,
23 power sharing, unbalance load, voltage control.

s+ 1. Introduction

N

25 Distributed energy resources (DERs) are small power sources to provide the required power to
2 meet the increasing demand. Different power quality issues are appeared after placing DERs [1,2].
2z Various research works have been performed to deal with these matters. Microgrids are small-scale
s power systems with local resources (DERs) for production, consumption, and storage, that can work
20 connected to the main grid or islanded [3]. An improved indicator was proposed in [4] to estimate
s the voltage stability margin of a two-bus system based on both saddle-node and limited induced
a1 bifurcations. A new concept named reduced islanded microgrid network was used for generalization
sz of the proposed index ton-bus islanded microgrids and a development power flow algorithm by
33 splitting these networks. Consideration of the system maximum loadability, a droop-controlled based
s method was proposed in [5] in islanded microgrids for optimal power flow problems. An optimal
ss  control algorithm was presented in [6] for DERs to improve the power quality and reduce the energy
ss  costs of a hybrid AC-DC microgrid. Authors in [7] proposed a control method based on Lyapunov
sz control theory to investigate the stability of the DG units while operating alongside the utility grid.
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38 In [8], The passivity-based control technique is utilized to analyze the dynamic and steady-state
ss behavior during integration with the power grid. By applying this technique, the harmonic and
20 reactive power component can be supplied with a fast dynamic response. Power quality issues are
«1 among the most challenging topics of controlling microgrids, especially in the islanded mode. Power
a2 quality problem consists of two main type: nonlinear and unbalances load. The proliferation of
43 single-phase and nonlinear loads in the microgrids has made important challenges regarding the
4 power quality of these networks [9]. In the grid-connected mode, if the microgrids cannot manage to
s compensate the current absorbed by nonlinear and unbalanced loads easily, the main grid can easily
s offset these currents. However, in the islanded mode, the microgrid itself is due to compensating the
a7 currents absorbed by nonlinear and unbalanced loads. In the islanded microgrids, power-sharing is
«s more important compared to the grid-connected microgrids due to the limited capacity of the DG units
4 hosted by the islanded microgrid in particular in the presence of unbalanced and harmonic loads [10].
50 When unbalance current increases proportional to the total current of the system, the voltage
51 unbalances on some part of the system emerges[11]. Since the total capacity of islanded microgrid is
sz limited, a small portion of single loads can make islanded microgrid severely unbalanced.

53 The problem that zero and negative sequence current create are [12]: 1: Increase the loss in the
s« system, therefore increase the temperature in induction motors and transforms. 2: Vibrating induction
ss motors which cause mechanical tension which reduces the lifetime of electric motors. 3: Reduction
ss in power factor which is accompanied with more KVA demand. If there is a delta or grounded-star
sz connection, the zero sequence current is eliminated. However, if there is no such connection, both zero
ss and negative sequence current exist in the lines.

50 In these cases, the control performance of Voltage Source Inverter (VSI) would be influenced,
e leading to deteriorative power quality of microgrid. Therefore, it is necessary to develop the similar
&1 strategy to improve the power quality for microgrid in unbalanced conditions. Therefore, we need
ez to have a controller that can share unbalanced current between all or part of sources in islanded
es microgrids[13].

6s A microgrid must be able to keep working under the unbalanced condition without any
es performance degradation, while the voltage unbalanced factor (VUF) should be held less than 2
e percent for sensitive loads [14]. Therefore, the unbalanced current sharing strategy should consider
er this fact and do not let voltage unbalance increases from the threshold in any part of islanded microgrid.
o8 The first step in a proper power sharing is to control the voltage and frequency [15] effectively.
e Several studies are conducted on unbalanced control strategy with second PI controllers to suppress
7 the negative sequence components for an inverter with unbalance load[16,17], in which the voltages
7 and currents are transferred by symmetry transformation firstly, and then the positive sequence
72 and the negative sequence components are controlled by different PI controllers. However, the
»s compensation strategy is applied to the individual operating inverter. Besides Proportional-integral
7a  (PI), The predictive deadbeat (DB), and proportional-resonant (PR) control technics are among the
7 existing DG control methods. The PR controller is more efficient for the compensation of multiple
7 harmonics due to the inclusion of nonlinear and unbalanced loads [18,19]. The next step toward
7z uneven current sharing is managing fundamental power components, i.e., Active and Reactive power.
78 Active and reactive power sharing on Islanded microgrids control divides into two main strategies.
7 The first method consists of strategies with communication in which each distributed generation unit
s sends data to a center, and the center decides for each unit to how much power each unit should
a1 produce. Another communication method is master-slave in which the master unit defines the voltage
ez and frequency for the slave unit. The problem with the communication-based unit is that it needs
es transmission lines. Therefore, if the connection line is lost, the power management is interrupted [20].
s Another problem with the communication-based method is that by adding a new source to the system,
es the whole system should be scheduled again. The other control method of microgrids are methods
e without communication.
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87 One of the most important types of the control method in this class is droop method which is
ss inspired by the behavior synchronous method. One of the main advantages of droop controller is its
s plug-and-play specification. It means that adding new sources doesn’t need new scheduling so this
%0 method is more reliable than communication-based methods. In this paper, we use droop method
o1 to share main power component such as active and reactive power. [21] proposes a new dynamic
o2 droop controller with the integration of SEMS/battery hybrid design to have a more stable frequency
o3 response in the Islanded microgrid while the battery lifetime increases. [22] proposes adaptive droop
ea control with local measurement instrument to achieve genuine power sharing while reducing losses in
os the microgrid.

% [20] propose a method to optimize droop coefficient to minimize the overall operation cost
oz of islanded microgrid. In [23], the aim is to reduce frequency deviation in droop-based islanded
9s microgrid with a mixed-integer linear programming method. In [24] a phase-angle droop control
9 scheme is proposed to decrease system vulnerability in a severe situation such as storms or other
100 natural disasters.

101 The conventional droop method is just based on proportional terms. To improve the speed
102 response and accuracy of droop method, derivative and integral terms can be added to the droop
13 [25,26]. Conventional droop is inspired by the ordinary network with rotating synchronous machine
10e  Where the rotating inertia is coupled with the network, e.g., the inertia of synchronous machines.
15 Therefore, the P/f droop control is dependent on the kinetic energy of the synchronous machine inertia.
1s In an electronically interfaced microgrid, generally, less inertia is available. In larger microgrids,
w07 e.g., medium voltage microgrids, there is enough inertia thorough inductive line and larger scale of
18 microgrids to connect P to the phase angle through frequency. However, in small-scale microgrids
100 which usually are Low Voltage microgrids, this linkage is not strong enough since there is not enough
1o inductance in the network and Microgrids are mostly resistive [27]. Therefore, the active power/
11 Voltage and reactive power/ frequency are becoming more popular in Low Voltage networks [28].

112 In conventional droop, since the voltage is not the same in all the network, the accuracy of reactive
us  power sharing degrades [29]. Conversely, in P/V and Q/f droop, the accuracy of active power sharing
us degrades. There is a trade-off between the accuracy of active power sharing and droop parameters
us (deviation from the normal frequency and voltage value parameters). Le., if the droop slopes are
us higher, the accuracy of active power sharing for P/V droop improves more. However, the voltage
ur and frequency of the system will fluctuate more if a load is added or dropped. However, if the droop
us  slopes are too low, the voltage and frequency deviation decrease but also it affects active power sharing
us negatively [30,31]. Although droop method is a practical way to share the main component of power
120 such as active and reactive, it is unable to share another power component such as harmonic and
122 unbalanced current in islanded microgrids.

122 To solve the unbalanced problem [32,33] suggested control method and strategies. [32], first
123 investigate the relationship between active and reactive power oscillation in the presence of an
124 unbalanced load and propose a plan to suppress the power oscillation that is caused by the unbalanced
125 load. [33] offers a new strategy for unbalance and nonlinear load in islanded microgrid. One of the
126 sources is responsible for supplying unbalanced and nonlinear current while other sources just share
12z active and reactive power. The problem with this strategy is when unbalance load is far from the
12 dedicated source, severe unbalance voltage will happen in the microgrid.

120 A plan for the scheduling of unbalanced microgrids is proposed in[34] build on the method of a
130 multi-objective optimization problem, whose objective functions are related to specific services and
11 requirements of the microgrid, such as cost minimization, power quality improvements, and energy
1:2  savings. [23] employs adaptive Lyapunov function based control scheme to compensate the negative
133 sequence current in some part of microgrid and by applying sliding mode based control scheme,
13s  regulate positive-sequence active and reactive power in the microgrid. One way of compensating
135 unbalance current is using Active Power filters (APF)[35,36]. In this method, the negative sequence
136 voltage, current is added to the series and shunt APF respectively. To compensate unbalance voltage,
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Table 1. Method Comparison.
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Imbalance Challenge
Unbalanced Negative [Negative and
Focus Main Duties Unbalanced Current Sharing Duties VOltage Control Sequence Zero
Sharing Sequence
Sharing
haring is not a problem Non Non
i Voltage, frequenc currents & P 33,35 . .
UPS and single & d y since there is only one unit to [ | Aplhcable Aplhcable
Inverter .
provide the current
Voltage, frequency, the main challenge is to stop
. . ! 41,42,45,54 41,42,54 45
Parallel Inverter circulating current circulating unbalanced current [ | [ | 431
between units
sharing active and |keeping unbalanced voltage under
id- C 23,32,34 23,32,34 No Method
Grid (I:\(/)[gneded reactive power |control; if MG can not provide [ ] [ ]
enough unbalanced current, the
main grid can provide the rest
voltage, frequency,keeping unbalanced voltage under| [47,49,52,53,55 47,49,52,53,

Islanded MG |}, 8 - g pmg & ) [ I No Method
S ar{ﬂg active and|control while unbalanced current is 55] r £ thi
reactive power shared only between DG units since (focus of this

there is no main grid to provide paper)
remaining unbalanced currents

the[35] propose using two inverter structure. The first one connects as a shunt and the other connected
as a series AFP. [37] uses model predictive control (MPC) technique to minimize the voltage unbalance.
The MPC is combined with the V-I droop to provide a fast dynamic response. The concept of using
virtual impedance becomes more and more prevalent in the control system of microgrids.

The first attempt to use virtual impedance concept return to [38] When virtual impedance was
used to control a DC-DC converter. The use of virtual impedance is becoming more and more common
in the case of controlling power electronic based instruments. One of the main application of virtual
impedance is to help improve power sharing [39,40]. In microgrids the ratio of x/r is low. Therefore, the
accuracy of reactive power sharing decreases. By adding an inductive virtual impedance to the control
loop, the accuracy of reactive load sharing improves significantly [39,41,42]. The virtual impedance is
used to improve stability robustness against different scenarios in microgrid such as severe transient
and fault situations[43,44]. Another use of virtual impedance is to promote load sharing among parallel
converters[45-47]. in[48,49] adaptive virtual impedance is introduced to enhance power distribution
further regardless of line impedance unbalances, linear and nonlinear loads.

It can be used to reduce harmonic/unbalanced current or voltage on the converters [50]. In [51,52],
the negative-sequence voltage produced by negative-sequence impedance controller loop is injected
directly to the reference signal of the voltage controller. The idea is to change negative-sequence
impedance of each unit so that the amount of negative-sequence current of each DG is controlled. In
[53], the above idea of using virtual negative-sequence impedance is used, but the negative-sequence
voltage produced by the loop is directly injected to the control signal of the inverter.

To the best of our knowledge, the virtual impedance method has not been used for controlling the
zero-sequence current in LV microgrids. In this paper, the virtual zero-sequence impedance together
with the virtual negative-sequence impedance are used to control the zero- and negative-sequence
currents in an LV microgrid. The proposed strategy relies on the fact that the adjacent DG of an
unbalanced load should compensate the negative- and zero-sequence currents of that load. Moreover,
if the negative- and zero-sequence currents of the load exceeds the maximum capacity of its own
DGs, the remaining portion of the negative- and zero-sequence currents are shared among other DGs.
Although there are numerous method in the literature about unbalance compensation, few of the
focus on islanded microgrids. Table 1 shows summary of converter interfaced method that deals with
unbalance problem. Most of the method is related to keeping the unbalanced voltage of the terminal
of a single inverter or UPS below a limit by providing enough unbalanced current for the load.
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168 These control methods are not concerned about power-sharing and other power components
160 since there is only one unit. Although these methods are effective to keep unbalanced voltage control,
170 the effectiveness of them is not evaluated. Another group of research deals with the parallel inverters
i1 while feeding the loads connected to a common line. The control method in this group is more complex
12 than the previous method.

173 The control strategy should not only be able to control voltage and frequency of each unit; they
17 should be able to control circulating negative sequence current flowing in the system. Since the system
175 is usually Three-wired, the zero sequence current is not a concern. The third group of methods deals
17e  with the grid-connected MG. the frequency and voltage are dictated by the main grid. Therefore, these
177 control methods are in charge of active and reactive power and also other power components such
17e  as harmonic and unbalanced currents. Also, if the MG cannot provide enough unbalanced current,
s the main grid can compensate for it. The fourth group is the islanded-microgrids. The most complex
10 control method belongs to this group. It control method not only should be able to control voltage and
w1 frequency by itself, but it should also be able to control and active and reactive power components
12 and harmonic and unbalanced current altogether. One type of MG is low voltage ones. Since they are
1e3  three-phase four-wired, zero sequences can flow in the network alongside negative and positive one
1es  when an unbalanced load is present in the network. From the very few papers that specifically focused
1es  on unbalanced current sharing, almost all of them focused on negative sequence current sharing and
186 Zero sequence current sharing is not addressed except only just one work.

1s7 2. Methods

e 2.1. Multi-bus low voltage microgrid structure

()

(b)

Undispatchable Unit

Main Unit i v, iy
(Dispatchable) ] AT i Vo g
- WA \W\——— ‘}I—b
ﬂi‘i‘? =20

=

network (1) network (2)

LV distribution
network (3)

| LV distribution LV distribution |

Figure 2. Three-phase four-wired inverter
Figure 1. LV multi-bus MG consisting of two

DG units

190 Fig. 1 shows a single-line diagram of a multi-bus LV microgrid that consists of three LV feeders
11 and two electronically-coupled three-phase four-wire DG units. Loads in the three radial feeders can
102 be either balanced or unbalanced. The DG units connected via feeders F1 and F2 to the microgrid are
103 assumed to be dispatchable. Therefore, they can provide any amount of real/reactive power within
10s  their pre-specified limits. Each unit has to maintain its voltage and frequency in the pre-specified
105 level, while an accurate power-sharing is ensured through a decentralized method. The loads are
196 connected to the microgrid through four wires. Therefore, the load current can have zero-sequence
17 current in addition to the negative-sequence current when loads in the microgrid are unbalanced. In
10e  this paper, it is assumed that microgrid works in islanded mode of operation. Therefore, the microgrid
100 is responsible for compensating zero- and negative-sequence currents of unbalanced loads. If the
200 islanded microgrid does not compensate these currents, the voltage will be distorted. Table 3 shows the
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201 microgrid parameters. Each DG unit with its LC filter is considered as a subsystem for the microgrid.
202 In order to control each DG unit, the first step is to drive the dynamic model of each DG unit. Fig. 3
203 shows an equivalent circuit diagram of a three-phase four-wire DG subsystem. The objective is to
20 design a feedback control that robustly regulates the load voltages while the load current is unknown.
20s In [53], dynamic model for a three-phase three-wired network in the stationary reference frame (x3)
206 is derived. Because this microgrid is a four-wire system, three separate state-space parameters are

207 required to control the microgrid voltage.
Open-Loop Bode
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Figure 3. Single phase diagram of inverter.
Figure 4. Bode diagram.
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The transfer function representation of equation (1) is obtained as:

Vapo(s) = G3x3) (8)Unpo(5) — Z(3x3)(5) Loapo(s) 3)
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where G 3,3) and Z3,3)(s) are:
g12(s) = g13(s) = g21(s) = g23(s) = g31(5) = ga2(s) =
212(5) = 221(5) = 221(5) = 203 = (5)231(5) = 232(5) =0
1
g11(s) = gn(s) = gas(s) = L;C%4r,Cpotl (4)
Les+r
z11(s) = z22(s) = z33(s) = W

+ Equation (4) shows that the matrix transfer function of each DG control system is diagonal (completely
= decoupled) and can be regarded as three SISO control systems. Therefore, the problem of designing a
z3 three-inputs three-outputs control system, is reduced to design three one-input one-output systems.

2

[

N
[

za 2.2, Operation Principles of the Proposed Control Strategy

215 The single line diagram of the LV microgrid that is studied in this paper is shown in Fig. 1. The
a6 RMS of the phase-to-ground output voltage of DGs in this network is 220 V. All DG units are interfaced
217 to the microgrid through DC/AC converters. The dc-side of each inverter is equipped with multiple
s sources which consist of a dispatchable unit, such as micro-turbine, a non-dispatchable unit such as the
210 photovoltaic cell, and a surge unit which supplies the system in severe transient conditions. Therefore,
o these three units provide almost a constant DC voltage for the inverter [56]. Therefore, the energy
2z source of each DG unit is modeled by an ideal dc voltage source, and the dynamics of DC part of the

2

[

N
N

222 inverter is not considered in this study.
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Figure 6. Control unit of DG units.
223 Controllers are designed in the stationary reference frame (x50) which is presented in [53]. It is

22 noted that designing controllers is easier in the synchronous reference frame (dq0) than the stationary
225 reference frame («B0). However, it should be noted that these controllers cannot effectively control a
226 microgrid with unbalanced loads. The proposed control strategy of each unit consists of; 1) current
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Table 2. Controllers parameters.

Parameter C Cy
C(s) - ¢c=37,2=60,p = 8
K, 1 17.71
K, 600 5¢3
K|, 13 7¢3
K|, 1.2¢3 4.5¢3
Ky, 1.6¢3 5¢3
Kj, 2.6¢3 10¢3
Ky, 2.8¢3 14¢
K, - 17¢%
wy 2x50x 2x50x
wWe 7T 7T

22z controller; 2) voltage controller; 3) average power sharing controller, and 4) negative- and zero-sequence
226 currents controller. The current and voltage controllers are proportional resonance (PR) controllers.
220 Inislanded microgrid, it is not necessary to use PR controller as the current controller since using a
230 simple proportional controller would suffice. However, by using a PR controller as current controller,
21 the proposed control strategy can be used both in islanded mode and grid-connected mode. Therefore,
232 using this controller as the current controller can reduce the cost of design and operation of DG units,
233 while the microgrid can smoothly switch between islanded and grid-connected modes.

238 Under unbalanced load condition, the instantaneous power has a double-frequency oscillatory
235 term in addition to the DC power [57]. The conventional droop controller which is widely adopted
236 to share average power component is not able to share the oscillatory power component among the
27 DG units. In [51,58], a virtual negative-sequence impedance controller (VNSIC) was proposed to
23s  share the negative-sequence current. However, this approach has not been adopted for zero-sequence
239 current sharing. In this paper, the same approach is adopted to share the zero-sequence current. By
2a0  controlling the flow of negative- and zero-sequence currents of each DG unit, oscillatory part of the
21 power of each unit is shared according to its capacity. The strategy for the compensation of zero- and
22 Negative-sequence currents is based on the compensating unbalanced loads by its upstream DG unit.
2es  Moreover, for loads with no upstream DG unit, the negative- and zero-sequence currents are shared
2aa by adjacent DG units. By deploying this strategy, the flow of negative- and zero-sequence currents in
2es  microgrid is minimized, and DG units compensate these currents according to their capacity. Hence,
26 the overall power quality of the the microgrid is improved.

2a7 2.3. Proportional Resonance Controller

248 Because the matrix transfer function of the DG subsystem in (4) is diagonal, the three identical
2a0 SISO controllers can be independently designed for the quadrature axes &, $ and 0. Fig. 5 shows the
20 structure of the voltage and current controllers for the , f and 0 axes. A good controller should be
21 able to track the reference signal with minimum transient and error while it should guarantee a low
=2 THD of voltage in the presence of harmonic loads. Since the controllers are designed in the stationary
=3 framework, reference signals are sinusoidal. Therefore, the multi-proportional-resonant controller
2 (MPRC) is used. MPRC can track sinusoidal references with zero tracking error, while conventional PI
25 controller has magnitude and phase error and can not effectively track sinusoidal signals. Therefore,
26 MPRC can handle harmonic loads without deteriorating voltage quality. By using MPRC as the current
257 controller, the control structure can be used in the grid-connected mode of operation as well. Therefore,
ze  there is no need for a different control structure in grid-connected mode. As a result, the total cost
20 for design and operation of microgrid decreases. Matlab SISO Tool software is used to design the
260 controllers. The transfer function of MPRC is as follows:
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dCr: K, +ZK; ,

Cy and Cp: C(s)[Ky + 2K, 2 4 2hws + (hwo)z]

s+z

C(s) = 5

(s) =& stp ©)
261 Where C(s) is a lead compensator that is added to the structure of the voltage controller to increase

262 the phase margin and bandwidth of the system. Fig. 4 shows the Bode diagram of the voltage control
263 loop system. As it is seen from this figure, the system has a good gain margin and a phase margin
20s  Of 30 degrees while the bandwidth is about 1 kHz. Therefore, the controller shows a robust stability
zes margin, and very fast response to load step changes. It also provides and excellent noise and harmonic
266 Tejection capability due to its high bandwidth. The coefficients of current and voltage controllers are
2z given in Table 2.

20 2.4. Proposed Control System

269 Fig. 6 shows the block diagram of the proposed control system. The voltage controller consists
20 Of three identical MPRC whose reference signals are determined by the droop control strategy. The
2 droop coefficients, i.e., m, n are obtained according to the rated power of each DG and the maximum
22 deviation of frequency and voltage [59]. The instantaneous real power is calculated using output
23 current and voltage of each DG based on the instantaneous power theory that is proposed in [57].
zza  The instantaneous power is passed through a low pass filter to attenuate the ripples that are caused
275 by unbalanced and harmonic loads. The average power is then applied to the droop controller to
276 determine the working frequency and the voltage magnitude of each DG unit. Then, the voltage
=z and frequency are applied to the reference generator to produce a symmetrical three-phase reference
z7e  voltage. Since the control structure is in the stationary frame, the Clark transformation is applied to the
270 symmetrical voltage. Therefore, the zero parameters of the Clark transformation will always be zero
2.0 since the reference voltage is always symmetrical. The output of voltage controller is the reference for
21 the current controller and is compared with the current of the filter inductance. The resultant current
202 is then feedforwarded to the output current which improves the system stability. The output of the
ze3 current controller is then applied to the inverter.

204 To control the zero- and negative-sequence currents, zero- and negative-sequence current
2ss controllers are used, respectively. In these blocks, the output current of each DG unit (Iy50) is
26 decomposed to its symmetrical component with a unified three-phase signal processor (UTSP) [60]. The
2ez  UTSP block can accurately decompose the symmetrical parameters of current, so that, the instantaneous
2ee amount of zero- and negative-sequence currents can be obtained from the output current.

280 The extracted zero- and negative-sequence currents are multiplied by a resistive or inductive
200 impedance gain, Z;, and ZY, respectively to produce the references for zero- and negative-sequence
201 voltages. These voltages are then added to the reference signals of the voltage controller. The values of
202 Z, and ZY, are determined by the virtual negative-sequence impedance controller (VNSIC) and the
203 virtual zero-sequence impedance controller (VZSIC). The virtual impedance blocks compare negative-
20 and zero-sequences of each unit with its negative- or zero-sequence references. The resultant signal
205 is then passed through a PI controller and then multiplied by a resistive or inductive impedance to
206 generate the reference for the virtual impedance of zero- or negative-sequence impedances of each DG
207 UNit.

208 2.4.1. Positive-, Negative- and zero-sequence Models of DG Units

To accurately control a DG unit, the dynamic model of Fig. 6 can be divided into positive-,
negative- and zero-sequence elements. In [58], dynamic model of the system is divided into positive
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and negative elements. The same procedure can be adopted to extract the zero-sequence dynamic
model. In Fig. 6, the voltage of the closed-loop system in the #f0-frame can be expressed as:

Vipo(s) = H(s)[Vapo(s) = Zy (s)1y, 5, (5)
~Zy (s )Ig ,50( $)] = Zout(s) 1o, 5 (5) (6)

where V, g and I, ,, are the voltage reference signal and the DG terminal current, respectively. H (s)
denotes the closed-loop transfer function from the reference signal to the output voltage, while Z,(s)
is the output impedance. Lo, , , and Ig 50 ATe the instantaneous negative and zero-sequence components
of lo, 40 - Zy(s) and Z%(s) are the virtual impedances that are determined by the VNSIC and the
VZSIC, respectively. The virtual impedance can be inductive or resistive or a combination of both [58].

Equation (6) can be rewritten as:

Vgﬁo( $)+ Vypo(s) +Vo?/3,0( s) = H(s)Vypo(s)
ZotTy(5) — 125 (VHE) + Zout ()], (5

~[ZV(s)H(s) + Zout ()11, 5., (5)- @)

Equation (7) can be divided into positive- , negative- and zero-sequence voltages. Therefore, the
output voltage of DG unit can be expressed as:

a,B,0 g B
le,ﬁ,O(S> = _[Zx; (s)H(s) + Zout(s)]lo;ﬁo(s) (8)
VS 40(5) = ~[Z () H(S) + Zour (5)]10 ., ().
299 In the working condition of microgrid H (fwo) = 1Z0. In this paper the virtual impedances Z;,

s00 and ZY, are chosen to be inductive. Therefore, the negative-sequence impedance of each DG unit at the
o1 system frequency is:

Zu(jwo) = Zy (jwo) + Zout (jewo)
- Rout (WO) + j[Xout (WO) + Xx; (WO)] (9)

302 Moreover, the zero-sequence impedance at the system frequency is:

Zgut(jWO) = Z; <jw0) + Zout(jwo)
= Rout ((UO) +j[Xout(wO) + X(l)/ ((‘JO)} (10)

303 To control the negative- and zero-sequence voltages that are injected to the reference of the voltage
w0 controller, the X;, and XY, can be changed. The values of these parameters are set by the VNSIC and
s0s the VZSIC of each unit. The negative- and zero-sequence voltages are then injected to the reference of
s0s the voltage controller. Therefore, by controlling the negative- and zero-sequence voltages of each unit,
07 the negative- and zero-sequence output currents of each unit are controlled. The maximum permissible
s0s  values for X, (wp) and X, (wp) can be calculated based on the IEEE standards [14,61]. Negative- and
;00 Zero-sequence unbalanced factors are equal to:
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Figure 7. (a) Positive-, (b) negative- and (c)zero-sequence models of the DG unit.
Voo Zols
(VUF)~ = 280 — 21280 02
sz,ﬂ,O a,B,0
Vo z0,10
(VUF)? = 280 — 0000 0,02 (11)
Va,/S,O Va,,B,O
310 Another limiting factor associated with the injection of the negative- and zero-sequence currents

su is the capability of each unit to inject these currents. Therefore, the capacity of each unit and the
a1z inequality constraint in(11) determine the maximum value of the negative- and zero-sequence output
a3z impedances. Based on (8), the positive-, negative-, and zero-sequence models for each DG unit are
a4 Obtained and is shown in Fig. 7.

as 2.4.2. Negative- and zero-sequence Currents Sharing Strategy

316 In the previous Section, the technical procedure for controlling negative- and zero-sequence
a1z currents was explained. In this Section, the zero- and negative-sequence current sharing strategy
a1s  is proposed so that it minimizes the flow of the unbalanced current throughout the LV microgrid.
a0 Therefore, the overall power quality of microgrid improves. With the use of an accurate power-sharing
s20 strategy, not only the overall power quality of microgrid is improved, but also the proper autonomous
sz operation of the microgrid is guaranteed. In this strategy, the unbalanced current of each load is
;2 compensated by its upstream unit. However, the unbalanced currents of loads with no upstream unit
s23  are shared by its adjacent units. Considering these two conditions, the reference for negative- and
24 zero-sequence currents of each unit must be as follows:

*

_ ok _2 _ 2 o *
IDG = \/Iloc +Inonloc +2IlocIr1onloc cos 6

B =210 o0 10 *cosh (12)

loc onloc loc “nonloc

22 Where [, and I = are magnitudes of the negative- and zero-sequence currents of the local loads,
s26  respectively. 0_ and 6y are the phase difference between Ij,. and I,p,,." for the negative- and
s27  Zero-sequence currents, respectively.

_ * 0 * . .
Lonee @and I, = are defined as:
I~ *_ IfzaxDGi I~ 10 *_ I%MDGI‘ 10 13
nonloc — y - nonloc” “nonloc. ™ ¥~ 10 nonloc (13)
Z maxpgi Z maxpgi
328 In (13), Ly, and IP,WD .; are respectively the maximum negative- and zero-sequence currents
‘th P — 0 . .
s20 that the /" DG can inject. [~ and I, , . are the amplitudes of the negative- and zero-sequence

s0  of feeders supplying the nonlocal load. Referring to (13) and (12), the local unbalanced loads are
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Parameter Value Comments
Sbase 300 kVA DG ratings
linel 0.04 +j 0.0157 p.u. 0.8 km overhead line
line2 0.07 +0.0332 p.u. 1.3 km overhead line
line3 0.01 +j0.0022 p.u.| 0.2 km overhead line
L1, Lpa 0.3 mH series filter inductance
Tf1, T2 0.0015 ) series filter resistance
Cr1,Cpo 2200 uF filter capacitance
Ve 1500 V dc bus voltage
s 6 kHz switching frequency
Ppg, 2, Ppe, 100 KW maximum real power

QDG1/ QDGZ 100 kVAr

mpgG,, MpgG, 3.33 Hz/ MW

DG, "DG, 3.26V/MVAr
Tnaxpe, maxoe, | 97 A (013 pw)
19WDG1 ,IQWDGZ 97 A (0.13 p.u.)

maximum reactive power
P-f droop coefficients
Q-V droop coefficients

kpny, kin, 3¢7°, 163 VNSIC parameters of DG,
kpuy, kin, 3e 6, 1¢3 VNSIC parameters of DG,
kpz,, kiz, 1e7°, 2¢° VZSIC parameters of DGy
kpz,, kiz, 1e0, 263 VZSIC parameters of DG,

compensated locally while the unbalanced loads with no upstream DG unit are shared among all
DG units according to their unbalanced load capacity. By using PMU! which is installed on feeders,
the phase difference between local and nonlocal currents is calculated. If all impedances of lines are
known, the PMU unit can be omitted. Since the impedances of lines are usually unknown, with the
help of PMU unit, an accurate power sharing can be achieved. This method has an advantage over
other power sharing method that only considers amplitude of unbalanced currents as it considers both
amplitude and phasor of unbalanced currents. For example, in some scenarios, the unbalanced currents
of some loads can nullify those of other loads, while the DG unit remains under balanced condition.
So if the phasor of currents is not considered, the reference currents for virtual impedance loop will not
be accurate. In the proposed control strategy, the VNSIC and VZSIC are enabled when: 1) The DG unit
reaches to its maximum capacity so that it is not able to inject the required negative and zero sequence
currents. When the VNSIC and the VZSIC are disabled, the virtual impedances of the unit are kept at
the minimum value, i.e., X;, =X%=0. This means that the DG unit compensates all unbalanced loads in
its downstream. When a DG unit reaches to its maximum capacity, X;, and X}, are changed to prevent
the unit from overloading. 2) The control system of the DG unit detects unbalanced current flow from
adjacent feeders. Therefore, the DG units change their virtual impedances accordingly to share the
remaining unbalanced currents. Otherwise, the VNSIC and VZSIC are disabled, and the negative- and
zero-sequence of the output impedances are kept constant at the minimum value. When VNSIC and
VZSIC are activated, the PI controllers set Z% and Zy toa desirable value.

3. Results and Discussion

To verify the effectiveness of the proposed control strategy, the LV microgrid showed in Fig. 1 has
been simulated in PSCAD/EMTDC environment. The LV microgrid is assumed to operate in islanded
mode and comprises a three-feeder distribution system with two electronically-coupled four-wire
dispatchable DG units. All DG units are equipped with the PR controller, droop control strategy;,
VNSIC, and VZSIC. The parameters of microgrid including all DG units are given in Tables 2 and 3.
Several load changes are introduced to the microgrid aiming to verify its dynamic performance.

1 phasor measurement unit
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ss7 3.1. Case study I

F(Hz)

358 g” 330 1
g d g
320 4
o 1 2z 3 4 s o 1 s
Time(sec)
Figure 8. Instantaneous voltage and Time(sec)
frequency at the DG terminal of feeder F;. Figure 9. Active and Reactive power of
feeders.
359 In this case study, initially, two balanced loads are connected to feeders F; and F3. The load that

se0  is connected to feeder F; is a three-phase RL load with the nominal power of 285 kVA and a power
se1  factor of PF=0.88, while the load connected to feeder F; is a three-phase RL load with 75 kVA with
2 PF=0.9. A single-phase load rated 40 kVA with PF=0.98 is connected to one phase of feeder F; at
ses  1=2s. Subsequent to this load change, at {=5 s, another single-phase load rated 26 kVA with PF=0.95
ses  is connected to the same phase of feeder F;. The instantaneous real and reactive powers considering
ses these load changes are shown in Fig. 9. Since feeder F; becomes unbalanced, a double-frequency ripple
s appears on the instantaneous power components of this feeder. As it is observed, the double-frequency
sez  ripple amplitude increases as another unbalanced load is connected to the feeder F; at t=5s. Fig. 10
ses  shows the positive-, negative- and zero-sequence current components of feeder F; that increases at
se0 t=2sand t=5s.

@ x10° (@)
o ; ; ; : ;
_asp : : : : : : - = 6f 20 {\ .
\g{ 1 -l |;1________________________________i 8_:(_3')4- ZIU]GJ AV 4 .|
3 R N v
B0y —™m——— | 2 |
[0 S e oy BE = 0 1 2 3 4 5 6 7 8
1 2 3 4 5 6 7 8 ‘ (P)
0.4 T T T ® T T T 03 o
- - = [
@ it | % 02 1Bes
8020 |= =y, 7 °8o01
_& i - - 0 -
0 L L L L L L L 0 1 2 3 4 5 6 7 8
370 1 2 3 4( ) 5 6 7 8 ) (b)
. ; :
0.4 — : : : : . . g i
g _Igl | o 8 1 VUF Bes
E 02— —p, 1 é \/
ot 0 i B = o -
L I I L I I L 0 1 2 3 4 5 6 7 8
1 2 3 4 5 6 7 8 Time(sec)
Time(sec)
. . . Figure 11. Zero-sequence (a) output
Figure 10. (a) Positive-, (b) negative- and (c) . 8 4 P
impedance, (b) current, and (c) VUF of DG
zero-sequence currents of the feeders. .
units.
a1 The first step toward controlling power component effectively is controlling Active and reactive

sz powers. If these components are not controlled accurately, it will not be possible to share other power
sz components effectively. Fig. 13 shows instantaneous real and reactive power components of DG units.
sz Before the =2 s, all loads in the system are balanced. The rating power of both DGs is the same.
s7s Therefore, their share of active and reactive power is the same. Fig. 13 (a) shows the active power
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output of DG units. As it seems, both units provide the exact amount of active power. Fig. 13 (b) shows
the reactive power output of DG units. The reactive power sharing in LV networks is not as accurate as
active power component. Since the ratio of reactance to inductance in an LV network is high, usually
active and reactive power components are not decoupled effectively. However, the accuracy of reactive
power sharing is quite acceptable for this research which its goal is demonstrating unbalanced current
sharing in LV networks. Fig. 8 (a) shows the frequency of the system. The droop coefficient is set
so that on the no-load situation, the frequency stays at 50 Hz. with the use of conventional droop
with a dynamic coefficient, the voltage and frequency reach stable mode after about 0.5 seconds of
transient time. Fig. 8 (b) shows the voltage output the at DG1 terminal. After addition of unbalanced
load to the loads, a double frequency ripple is added to frequency and voltage of the network. The
frequency and voltage deviation is less than 1 and 5 percent for frequency and voltage respectively.
Which demonstrate that the deviation is in the range of acceptable limit for frequency and voltage.
Figs. 11(a) and (b) show the zero-sequence output impedances and the zero-sequence currents of the
DGs, respectively. As it was mentioned earlier, the primary aim of the unbalanced current sharing
strategy is to compensate zero- and negative-sequence currents locally. However, if the maximum
capacity of a unit to compensate unbalanced currents is reached, other units inject the remaining
unbalanced current. Prior to =5 s, the VZSIC and VNSIC of the DG units are not activated, and virtual
impedances are kept at the minimum value. Fig. 11 (b) shows that almost all zero-sequence current of
the unbalanced load is compensated by unit 1. However, when another unbalanced load is added to
feeder F1 at t=5 s, the maximum capacity of the adjacent unit (DG1) is reached, and the remaining
unbalanced current is then provided by the other unit (DG2). This operation is done by increasing
the zero-sequence virtual impedance of unit 1 when the VZSIC of unit 1 detects that the maximum
capacity of the unit is reached.

x 10"3 ‘ ‘ @

5 %2
10 N |
[}
N 5 7 2
~ 5
‘ ‘ ‘ ‘ g
1 2 3 4 5 6 7 8
T T T T (b) T T T
0.3 4
2 oah| > i
& 02—
-_D 0.1 =
O L L L L L L L ]
(]
1 2 3 4 5 6 7 8 2
&
2 © g
g VUF o
'\/g 1 VUF o) 4
w —
> EE—
> 0 4 Time(sec)
1 2 3 4 5 6 7 8 . . .
Time(sec) Figure 13. Dynamic response of DG units to
unbalanced load changes in feeder F;: (a) real
Figure 12. Negative-sequence (a) output power, and (b) reactive power components of

impedance, (b) current, and (c) VUF of DG
units.

DG units.

Figs. 12 (a) and (b) show the negative-sequence output impedance and the negative-sequence
currents of the DGs, respectively. The same scenario happens for negative-sequence current when the
maximum capacity of unit 1 for providing negative-sequence current is reached, and the remaining
negative-sequence current is shared by another unit through the activation of VNSIC. Fig. 11(C) and
Fig. 12(C) show, respectively, the voltage unbalanced factor (VUF) for the zero- and negative-sequence
voltage of DG units during load changes. The VUF of DG1 is always under 2 percent for zero- and
negative-sequences while DG1 is injecting the maximum value of zero- and negative-sequence currents.
Fig. 13 shows instantaneous real and reactive power components of DG units. The magnitude of

reprints201809.0051.v2
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double-frequency ripple on the output power of each unit is proportional to its unbalanced current
share.

3.2. Case study II

In this case study, the microgrid begins to operate with two balanced loads. The first load is a
three-phase 75 kVA with PF=0.9 which is connected to the feeder F1 and the second is a 285 kVA
with PF=0.88 which is connected to feeder F3. Two single-phase loads rated 20 kVA with PF=0.98
are connected to the phase b and c of feeder F3 at t=2 s. Subsequently, two single-phase loads are
connected to the phase b and c of feeder F1 at =5 s and are disconnected at =8 s. Then, a single-phase
load rated 8 kVA and PF=0.96 is connected to the phase a of feeder F1 at t=11 s. Fig. 15 shows
the instantaneous real and reactive power components of feeders. When the unbalanced loads are
connected to the phase b and c of feeder F3, a 100 Hz ripple appears on the power components of
feeder F3. Furthermore, this ripple appears on the power components of feeder F1 when unbalanced
loads are connected to it. Fig. 16 shows the positive-, negative- and zero-sequence current components
of the feeders. In this case study, loads which are fed from feeder F3 have no upstream DG unit.
Therefore, unbalanced loads connected to this feeder should be shared by their adjacent units.

I
10 12

w
R
=}
QFseder(pu)

0 2 4 6 8 10 12
Time(sec) 05

Figure 14. Instantaneous voltage and Time(sec)

frequency at the DG1 terminal during

Figure 15. Unbalanced load changes in

unbalanced load changes in DG1 terminal feeders F3 and F, (a) instantaneous real and

(b) reactive power of feeders.
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425 Fig. 17(a) and Fig. 18(a) show the zero- and negative-sequence virtual impedances of DG units.
a26  After the connection of the unbalanced loads to feeder F3 at t=2 s, the VZSIC and VNSIC are activated
a2z at t=2.4 s. While VZSIC and VNSIC are not activated, the unbalanced load sharing is performed
«2s according to the line impedances. Fig. 17(b) and Fig. 18(b) show the zero- and the negative-sequence
a2 current components of the DG units, respectively. Having activated the VZSIC and VNSIC of DG1,
a0 the unbalanced current of feeder F3 is shared between DG units according to their negative- and
a1 zero-sequence capacities that are considered to be equal for units. Therefore, negative- and the
a2 Zero-sequence current components of units become equal. When the unbalanced load is connected to
a3 feeder F1 at t=5s, it should be compensated by unit 1 according to the proposed strategy. Therefore,
aa DG1 decreases its Z;, and Z%. As it can be seen from Fig. 17(b) and Fig. 18(b), the unbalanced load
a5 current flowing through feeder F1 at t=5 s is completely compensated by DG1 while the portion of
ass unbalanced current injected by DG2 is kept intact. At =8 s, the unbalanced load is disconnected from
a7 feeder F1. Therefore, VZSIC and VNSIC units of DG1 increase Z,, and Z?, so that the unbalanced
as  current portion of units become equal. At t=11 s, a single-phase load is connected to the phase a of
a0 feeder F1. However, this load compensates a portion of the unbalanced load connected to the phase b
a0 and c of Feeder F3. Therefore, the portion of the unbalanced current supplied by DG1 is decreased.
422 The VZSIC and VNSIC increase the virtual impedances to accommodate this situation. If the amplitude
sz of unbalanced current had been only considered ignoring its phase, the calculation of I ISG* and I%G*
sz would have been incorrect causing inaccurate current sharing. Fig. 17(c) and Fig. 18(c) show the
aaa  voltage unbalanced factor for zero- and negative-sequence voltages. Throughout the simulation time,
as  VUF has a good condition and is always kept under 2 percent.
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Time(sec) Figure 19. Dynamic response of DG units

to unbalanced load changes in feeder F; and
Figure 18. Negative-sequence (a) output

impedance, (b) current, and (c) VUF of DG
units.

F3: (a) real power, and (b) reactive power
components of DG units.

247 Fig. 19 shows the output powers of DG units. The double-frequency ripple on the output powers
as  stems from the unbalanced power. When the unbalanced load is connected to the feeder F3, the 100 Hz
s frequency ripple appears in the output power. After t=5s, the portion of the unbalanced power for
a0 DG1 increases while the portion of DG2 does not change. The unbalanced quota of units become
«s1 equal after £=8 s. It shows that the control strategy has managed to share the unbalanced power in the
a2 microgrid with excellent accuracy.

a3 4. Conclusion

asa A comprehensive strategy was presented for sharing unbalanced current in an islanded LV
ass  microgrid consisting of dispatchable units. In the proposed method, the zero- and negative-sequence
sse currents are shared based on a novel strategy that decreases the flow of unbalanced current
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ss7 in the microgrid improving the overall power quality. In the proposed strategy, the zero- and
sss  negative-sequence currents of nonlocal loads are completely compensated by their associated DG
a0 units. However, if the capacity of a unit is not enough to offset the zero- and/or negative-sequence
w0 current terms or the unbalanced load has no upstream unit, the unbalanced current is shared among
s adjacent units. The proposed control strategy comprises a PR controller, a droop controller, a virtual
w2 negative-sequence impedance controller (VNSIC) and a virtual zero-sequence impedance controller
w3 (VZSIC). With VNSIC and VZSIC, the DG units can effectively share the negative- and zero-sequence
aea currents. The performance of the proposed control strategy was evaluated by using digital time-domain
a5 simulation studies in PSCAD/EMTDC software. From the simulation results, we found that the
a6 proposed control strategy can

a67 e control voltage and frequency while maintaining them within their allowable limits,

a68 o share the average power among DG units, and

a69 o effectively compensates the zero- and negative-sequence currents of unbalanced loads in a
470 four-wired LV microgrid so that the power quality of the overall microgrid is improved.
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