IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 8, AUGUST 2019

7397

Cost-Function-Based Microgrid Decentralized
Control of Unbalance and Harmonics for
Simultaneous Bus Voltage Compensation

and Current Sharing

Jia Liu

Abstract—Power quality of inverter-based microgrids is a chal-
lenging issue due to nonlinearities of inverters, multiple resonance
modes of network impedance, and unbalanced and nonlinear load-
ing condition. The ideal solution is to assure the best power qual-
ity at the common bus to which loads are connected, and share
the negative and harmonic sequence currents between the invert-
ers without any communication. However, it is difficult to achieve
this objective with existing virtual-impedance-based methods when
nonlinearities of inverters, e.g., dead time, are not negligible. In
this paper, a novel cost-function-based method is proposed to
solve this problem. The proposed cost functions are optimized us-
ing continuous-control-set model predictive control. As unknown
nonlinearities of inverters can be observed by introducing distur-
bance models, even when they are not negligible, the presented
method can compensate bus voltage unbalance and harmonics and
share the compensated current between inverters autonomously,
with neither communication nor upper level controller. Parameter
tuning of the proposed method is the key to achieve the balance
between bus voltage quality and current sharing, and between sta-
bility and fast response. Experimental results demonstrate that the
proposed control scheme is effective even under conditions of large
inverter nonlinearities.

Index Terms—Cost function, dc—ac power converters, decentral-
ized control, distributed power generation, microgrids, model pre-
dictive control (MPC), power conversion harmonics, power quality,
pulsewidth modulation (PWM) converters, three-phase unbalance.

1. INTRODUCTION

HE concept of the microgrid has been developed through
T recent decades to facilitate the integration of distributed
generators (DGs), especially inverter-interfaced DGs into the
utility [1]. In ac microgrids, inverters and loads are usually
connected to one or multiple ac buses, as shown in Fig. 1.
The power quality of the bus voltage is very important in these
kinds of configurations. If the bus voltage is unbalanced and/or
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distorted, the loads and generators connected to this bus will
suffer from the unbalanced and/or distorted current, even if they
themselves are balanced and linear. The polluted current may
cause malfunction of sensitive loads, and heat rotating machines
(both motors and generators) and give rise to torsional stresses.
On this account, bus voltage unbalance and harmonics should
be well compensated.

A straightforward solution to this issue is to use a shunt
active power filter (APF) [2]; however, dedicated inverters of
APFs increase the cost of microgrids. A preferable approach is
to use inverter-interfaced DGs connected to the concerned bus
for unbalance and harmonics compensation, and meanwhile,
to share the compensation current between inverters without
communication. However, this is really a challenge due to the
complexity of the inverter-based microgrid such as follows.

1) The loading conditions of microgrids are difficult to be
predicted, and may be highly unbalanced and/or distorted
considering the natively small power rating of microgrids.

2) The network of a microgrid is usually complicated.
Impedance between inverters is relatively small, thus,
small voltage harmonics and unbalance may bring out
large circulating harmonic/unbalanced current. Besides,
LCL filters at the output terminal of parallel inverters will
influence each other and create multiple resonance modes,
which may amplify the harmonics in the microgrid [3].

3) The inverters themselves produce high-order harmonics
due to switching operation and low-order harmonics due
to their nonlinearities such as dead time, voltage drop
of switching devices, and nonideal switching waveforms.
Although high-order harmonics can be easily filtered out
by LCL filters at inverter output terminals, low-order har-
monics will flow into the bus and deteriorate the power
quality of microgrids. Open-loop compensation methods
for nonlinearities of inverters in the motor drive system
are proposed in the literature such as [4]; however, they
are less effective in microgrids, because the resulted har-
monic currents caused by nonlinearities of inverters are
less predictable due to the presence of other sources and
variant loading condition.

A well-adopted decentralized approach to deal with unbal-

ance and harmonics in microgrids is to add virtual impedance
to the inverter-interfaced DGs [5]-[10]. In [5], it is pointed
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out that positive virtual impedances at harmonic sequences
can improve the harmonic current sharing, and this method is
further developed through [6]-[8]. However, increased output
impedances at harmonic sequences lead to a more distorted bus
voltage. To address this drawback, methods based on negative
virtual impedances to cancel harmonic voltage drops over the
line impedance are proposed in [9] and [10]. These methods
are effective in simultaneous harmonic current sharing and bus
voltage quality improvement, if nonlinearities of the inverter
are negligible. However, when nonlinearities of the inverter are
not negligible, they will easily cause circulating harmonic cur-
rents between inverters and deteriorate the bus voltage quality,
because the impedance between inverters and common bus are
largely reduced by negative virtual impedances. In fact, in order
to alleviate harmonic currents resulted from nonlinear features
of inverters, positive virtual impedance should be used [11].
From these previous studies, it can be concluded that the bus
voltage quality and mitigation of inverter nonlinearities seem to
be an intrinsic tradeoff if the virtual-impedance-based methods
are applied. This dilemma is further discussed in Section II of
this paper. Direct modification of the inverter impedance rather
than reshaping the line impedance is proposed in [12]; however,
nonlinearities of inverters are still not considered in this study.

Another communication-less approach is to share the har-
monic power in a similar manner to that of the fundamental
power, such as a harmonic droop controller proposed in [13].
However, the bus voltage quality is not intentionally controlled
in this method. A G—H droop proposed in [14] mixes the
concept of the harmonic droop and virtual impedance. The
G —H droop is equivalent to a virtual resistance in parallel
with the inverter impedance, in order to reduce the overall in-
verter impedance. However, the resulted reduction of the inverter
impedance is quite limited [12] and the intrinsic tradeoff of the
virtual-impedance-based method is still a concern.

The performance of the virtual-impedance-based method can
be improved with communication and upper level controller
[15]-[17]. In [15], bus voltage information is sent to the DGs
in order to adjust the virtual impedance added to the DGs. In
[16], detection signals from the central controller are required
to select the compensation mode, and the virtual impedances
are finally adjusted through an intentional real power distur-
bance injection method. In [17], each DG receives bus voltage

Wind Turbin ~ Battery Photovoltaic  Battery

Examples of (a) single-ac-bus microgrid and (b) multiple-ac-bus microgrid.

information to calculate the respective compensation current
for the bus voltage quality restoration. In view of the ad-
ditional infrastructure and probable communication failure,
communication-based methods are always less preferable if
their performance can be reached by communication-less
methods.

Another method considering simultaneous voltage and cur-
rent compensation is reported in [18]; however, two inverters are
needed for one DG, and the current sharing between multiple
DGs is not demonstrated in this paper. Unbalanced and nonlin-
ear voltage compensation using [, control for the load voltage
is proposed in [19], and unbalanced voltage compensation using
the model predictive control (MPC) for the local voltage is pro-
posed in [20]; however, in both methods, compensation current
sharing between inverters is not addressed.

To summarize, existing unbalance and harmonics control
methods for simultaneous bus voltage compensation and current
sharing are mainly based on negative virtual impedance. How-
ever, this principle is not applicable if inverter nonlinearities are
not negligible. Therefore, there is no proper design of existing
methods to ensure the bus voltage quality and share load current,
simultaneously, when inverter nonlinearities are not negligible.
In view of this blank, we propose a cost-function-based method
in [21] and further develop it in this paper. Optimization of the
proposed cost functions are realized by MPC, which is an effec-
tive multiple-input—multiple-output control method insensitive
to model mismatch and has been adopted in inverter control ap-
plications thanks to the progress of the digital signal processor
(DSP) embedded in inverters [22]-[27]. The MPC applied in in-
verters can be classified as finite control set (FCS-MPC) or con-
tinuous control set (CCS-MPC) [26]. The former includes the
modulation part into the MPC and the latter use MPC to generate
the voltage reference for the conventional pulsewidth modula-
tion (PWM). Generally, FCS-MPC generates more harmonics
around switching frequency [26], which makes its application
in microgrids quite challenging [27]. Besides, computational
complexity of the FCS-MPC is higher than that of the CCS-
MPC [26]. Therefore, the CCS-MPC is adopted in the proposed
control scheme.

With the proposed control scheme in [21], bus voltage com-
pensation and unbalanced and harmonic current sharing be-
tween inverters can be achieved simultaneously, with neither
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Fig. 2. Circuit of the studied microgrid.

central controller nor communication, and even without direct
bus voltage measurement, which is usually not available for
inverter-interfaced DGs considering the physical distance be-
tween the bus and inverter-interfaced DGs in field application.
This method can be easily integrated into any decentralized con-
trol scheme of parallel inverters with acceptable computational
complexity in the DSP. In this paper, this method is further de-
veloped by considering the nonlinear features of inverters in the
plant model to simultaneously suppressing circulating harmonic
currents caused by inverter nonlinearities and improving the bus
voltage quality. As it is mentioned previously, it is difficult to
achieve this objective with any reported methods. Moreover,
parameter tuning of the MPCs is further developed through pole
analyses of complete closed-loop models of the microgrid for
better dynamic response, and the analogy between the proposed
cost functions and the well-known droop control is illustrated
to facilitate understanding of the mechanism of the proposed
control. Finally, experimental results are presented in this pa-
per to verify the effectiveness of the proposed method under
conditions of large inverter nonlinearities.

II. LIMITATION OF VIRTUAL-IMPEDANCE-BASED METHODS

In this section, the limitation of virtual-impedance-based
methods, i.e., intrinsic traded-off between the bus voltage qual-
ity and mitigation of inverter nonlinearities is explained.

Fig. 2 shows a typical single-bus microgrid studied in this
paper, in which a 5-kVA inverter and a 2.5-k VA inverter are con-
nected to a 200-V/60-Hz bus in parallel through respective LCL
filter and feeder line. Different types of load are connected to
the common bus, and some of them introduce unbalance and/or
harmonics. The simplified equivalent circuit of this microgrid at
nth-order harmonic sequence can be modeled as Fig. 3, where
Z3ier and Z7 . represent the line impedance and inverter
impedance of kth inverter, respectively, I, . and V7 . rep-
resents the output current of kth inverter and bus voltage, re-
spectively, and I'};, and Y|}, 4 represent the Norton’s equivalent
circuit of the load. In this paper, the superscript n indicates the
nth-order sequence.

Similar equivalent circuit can be found in several works on
virtual-impedance-based methods [8], [10], [12], [16]. In all of
these previous works, inverters are considered as short circuit at
harmonic sequences. However, nonlinear features of inverters
due to dead time, voltage drop of switching devices, and non-
ideal switching waveforms may be hardly negligible, even when
an output voltage closed loop is incorporated [11]. Moreover,
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Fig.3. Principle of virtual-impedance-based methods for nth-order harmonic
sequence.

the output voltage closed loop may be omitted in inverter con-
trol methods providing virtual inertia, such as synchronverter
[28] and virtual synchronous generator (VSG) [29]-[30], which
inherit the advantages of conventional droop control, and pro-
vide inertia support for the system [31]. As these methods focus
on mimicking the behavior of a synchronous generator, multi
inner loops may influence the desired dynamic performance.
Moreover, the absence of the output voltage loop simplifies the
control system of the inverter, otherwise complicated tuning of
cascaded controllers should be performed [32]. However, this
absence of the output voltage loop makes these control methods
more sensitive to nonlinearities of inverters.

In view of aforementioned new findings in recent years, it may
be no longer appropriate to consider inverters as short circuit
at harmonic sequences. As the major nonlinearity of inverters
comes from the dead time, and the effect of the dead time can
be modeled as voltage sources at each harmonic sequence [11],
voltage sources Vij;y. (k = 1, 2) are added in Fig. 3 to model
nonlinearities of inverters.

From Fig. 3, it can be noticed that if V', are nearly O,
and |Z},.. + Z5 | are small, Vi . will become small. If
Zen + 25, are further reshaped inversely proportional to
power ratings of inverters, Ig;; can be shared among I,
according to the power rating ratio of inverters. This is the ba-
sic idea of the methods based on negative virtual impedance
[9], [10], [12]. However, if V7, are not negligible, small
| Z ek + Z0 o] willmake V' prone to be polluted by V', ..
Moreover, small | Z};, ., + Z1.. | implies short circuit between
two voltage sources V'j;,; and V., which results in large
circulating harmonic currents, even when the load does not
generate any harmonic currents (I7};; = 0). Therefore, large
|Z1 ek + Z5 .| are preferable in this case [11]. However, in
this case, if I}, is considerable, V'{ . may become larger due
to amplified voltage drop on | Z};, .. + Zh k|-

It can be concluded that negative virtual impedance will am-
plify the harmonic current caused by inverter nonlinearities,
and positive virtual impedance will deteriorate the bus voltage
quality. Therefore, in the case that the bus voltage quality and
current sharing are required, whereas inverter nonlinearities are
not negligible, there is no proper design of the conventional
virtual-impedance-based methods, as both negative and posi-
tive virtual impedance are not appropriate. As a result, a new
solution is expected.

III. PROPOSED CONTROL SCHEME

The proposed control scheme embedded in inverter-interfaced
DGs is shown in Fig. 4. It is composed of two parts: the power
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Fig. 4. Proposed control scheme of inverter-interfaced DGs.

generation part controls the voltage, frequency, active, and
reactive power of the DGs; and the power quality compensation
part is responsible for the bus voltage compensation and com-
pensation current sharing. The power generation part adopted
in this paper is a VSG control [30]. As mentioned in Section II,
this control method is relatively sensitive to nonlinearities of
inverters due to the absence of the output voltage control loop,
thus, negative-virtual-impedance-based methods are not effec-
tive in this control scheme. Contrarily, the proposed power qual-
ity compensation part is compatible with other existing decen-
tralized control methods for parallel inverters, e.g., conventional
droop control [33], [34]. Nevertheless, the power generation
control part is beyond the scope of this paper.

The power quality compensation part is composed of state ob-
servers and MPCs for fundamental negative sequence and each
harmonic sequence to realize the proposed cost-function-based
method. In this paper, —5th-, +7th-, —11th-, +13th-, —17th-,
and +19th-order harmonics are involved in the control scheme,
as they are dominant harmonic sequences under balanced load-
ing condition. Although in the case of unbalanced loading, +5th,
—Tth, +11th, —13th, +17th, and —19th-order harmonics may
also appear, they are generally much smaller compared to the
controlled ones. The design methods of observers and MPCs
are discussed in Section IV.

The negative and harmonic sequences for the power quality
compensation part are obtained from the negative and harmonic
sequences decomposition block shown in Fig. 5. This decompo-
sition method is based on the well-known multiple synchronous
harmonic dg transformations [35]. The transformation matri-
ces T*™ are defined as (1), and the low-pass filters (LPFs) are
second-order filters with cutoff frequency at 40 Hz and damping
ratio ¢ at 0.8

n cos tnb,, sin+nb,,
T" = T (£nb,,) = (1)

—sin +nf,, cos £nb,,
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IV. DESIGN OF OBSERVERS AND MPCs
A. State-Space Models of the Plants

First, in order to apply MPCs to realize the proposed cost-
function-based control, plant models should be built. As shown
in Section III, each sequence is studied and controlled sepa-
rately according to the well-known superposition theorem in
this paper. Fig. 6 shows the equivalent circuit of Fig. 2 at the
nth-order sequence. It is noteworthy that in order to simplify
the expression of following equations, the grid-side inductor of
the LCL filter is merged into line inductance Ly;ye.

As shown in Fig. 6, the rest part of the microgrid seen from
each DG, including other generators and loads, can be mod-
eled as a Norton’s equivalent circuit connected to the ac bus.
Therefore, although grid-connected operation is not discussed
in this paper due to the page limit, it is straightforward that the
proposed method also works well in a grid-connected mode,
because the grid can also be considered as a part of the Norton’s
equivalent circuit. Generally, the power quality of the microgrid
in a grid-connected mode is less of an issue owing to the pres-
ence of a stiff voltage source. Moreover, the proposed method
can be easily applied to a multiple-bus microgrid. In this case,
each bus can be considered as a sub-microgrid, and thus, the
proposed control can be applied to each individual bus to which
at least one inverter-interfaced DG is connected. It is also note-
worthy that the proposed power quality compensation control
can be applied to only a part of DGs connected to the concerned
bus. In this case, only DGs equipped with the proposed con-
trol generate negative and harmonic sequences current and the
other DGs generate pure positive fundamental sequence cur-
rent at steady state. Therefore, inverter-interfaced DG with the
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proposed control can prevent rotating machines (both motors
and generators) connected to the same ac bus from negative and
harmonic sequences current.

The resulted equivalent circuit for the studied DG is shown
in Fig. 7. The load admittance G, ; + j By, is unknown and
the bus voltage V'), (4, the disturbance current If; (4, and
the disturbance voltage V'§; 4, caused by nonlinearities of the
inverter are considered as unmeasurable variables. Inverter non-
linearities are modeled as voltage source because they mainly
result from dead time. As some other nonlinearities such as volt-
age drop of switching devices and non-ideal switching wave-
forms are also influenced by current, generally, V', 4, as long
as other unmeasurable variables, may vary according to loading
condition.

Using Kirchhoff’s circuit laws, following equations can be
obtained:

N
I P S
dt =NWolifir fq T Wolisloutg T Yeompd — Vdisd —Voutd
(2)
N
L.dZLf{I _ Lei o Lo + n . n
f FT NWoLiflr g —wWoLlisloutd T Yeompg — Vdisq — Voutq
3)
do”
outd __ n -1, -1
Cf dr nwo Cfvoutq + 'Lfd — Youtd “4)
dv]!
outq n -7 T
c dr *TIW()C}V’UOth + Lrq ~— Youtq (5)
digutd -n -n n n
Liine dt = —Riinclontqg + nwOLliUeZoutq *+ VYoutd ~ Ybusd
(6)
dim
outqg __ T -1 n n
Liine dt - _Rlinczoutq - anLlillCZoutd + Uoutqg — Ubusq
(7)
n n n n _m n
load Ubusd — Bload Ubusq = Youtd + Ldisd (8)
n n n n _m -n
Gloadvbusq + Bload Uphusd = Z0utq + Zdisq (9)

where L;; is the virtual inductance applied in the stator
impedance adjuster of the power generation control part [29],
as shown in Fig. 8, and other parameters are defined in Fig. 7.
It is noteworthy that the virtual inductance L, is designed only
for improving the performance of the power generation part
and is not related to the proposed power quality compensation
part. However, this virtual impedance control changes the plant
model of all sequences, thus its influence should be taken into
consideration.
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Fig. 8.  Stator impedance adjuster in the power generation part.

It should be noticed that C'y and Lii,. are usually very
small. These small coefficients of derivative terms lead to
very small eigenvalues, which cannot be handled with MPC
executed at 10~20 kHz, which is the typical control fre-
quency for inverter-based DGs. Therefore, derivative terms of
C f% and LhnC% in (4)—(7) should be neglected as shown in
(10)—(13)

0 = nwoCrvgyeg + 97 14 — foutd (10)
0 = —nwyCrugyg + lefq - igutq (In
0= 7Rlilleigutd + nwOLliﬂeigutq + Ugutd - U{;usd (12)
0 = *Rlincigutq — nwOLhnCiZutd + vgutq — U}?usq' (13)

It is also noteworthy that equivalent series resistances of C'y
and L are neglected in Fig. 7 and related equations. This sim-
plifies the plant models and will not deteriorate control accuracy,
as the disturbance models and the observers discussed later in
this section will mitigate the mismatch between the supposed
plant models and the real ones.

From (2), (3) and (8)—(13), the state-space models of the
plants can be obtained as

Zip(t) = Atmp(t) + Btu(t) =+ Ef,’ll]p(t)

(14)
y(t) = Cp zp(t) + Fprw,(t)

— [4n n T —

where state vector x, = [i];, i, ] . output vector y =
n n N ;M n n T :

[voutd voutq Youtd Zoutq Uhusd Ubusq] ’ control mput vector

n T
Veompq ) » vector

. n : H _—
u = [Ucompd disturbance input w, =

n n n n T L : :
[Vilisa Vdisq Udisa Udisg ) - t indicates the time, and matrices are
shown as follows:

I —Cr11+wolisCuan nwoLy—Cyria+woLisCra
— Ly Ly
A = _ nwoLy+Cuo+woLisCasi _ CuostwoLisCaso
L Ly Ly
(15)
7; 0
B- |t (16)
Ly
1 0 —Cri3+wolisCras —Cr1a+woLlisCraa
E = Ly Ly Ly
t 0 _ 1 CyostwolisCrsy _ CroatwolisCraa
L Ly Ly Ly

a7
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where C,;; is the element in the 7th row and jth column of
the matrix C, = A, ' B,, where A, and B, are shown as
follows:

0 nwCy -1 0 0 0 7
—nwyCr 0 0 -1 0 0
. 1 0 —Rijne  nwoLiine —1 0
v 0 1 —nwoLiine —Rline 0 -1
0 0 -1 0 ;Load _Bﬁ)a‘d
L 0 0 0 -1 Blr(l)ad Gﬁ)ad -
(20
-1 0 0 O
0 -1 0 0
0 0 0 0
B:=19 0 0 0 @l
0 0 1 0
0 0 0 1

It is remarkable that the second-order LPFs used in the feed-
back paths of the proposed control scheme shown in Fig. 5 are
not included in the state-space model shown in (14), otherwise
these second-order filters will introduce eight additional state
variables that largely increase the computational complexity of
the observers and MPCs. This neglect simplifies the design of
observers and MPCs, and its influence on closed-loop stabil-
ity and dynamic performance can be eliminated by the proper
tuning of MPCs as discussed in Section V-B.

Using the backward Euler method, (14) can be discretized as

z, (k+1)= A, z,(k) + Byu(k) + Eyw, (k)
y(k) = Cp zp(k) + Fpw, (k)
where A, = I+ 1T, A, B, =1, By, E, =T, E,, I is the
identity matrix, 7 is the sampling and control period of con-
troller, and k indicates discrete-time sequence.
In order to estimate the disturbances caused by the unknown
nonlinearities of the inverter, Norton’s equivalent circuits and

parameters mismatch, the following four-dimensional distur-
bance models are added into the state-space models of the plants:

Zais(k + 1) = Aqis Tais (k) + Baiswais (k)
wp(k) - Cdis Ldis (k) + Ddiswdis(k)

where Aqis = Bqis = Cqis = Iand Dy = 0, and wy; are
Gaussian noises related to unknown plant disturbances.

(22)

(23)
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TABLE I
PARAMETERS OF THE POWER GENERATION PART

Parameter Value Parameter Value
Shase1 5kVA Trq1 = Trqz 7.96%107° s
Shase2 2.5 kVA Kpq1 = Kpqz 0.005 pu
Viase 200V Tig1 = Tig2 1.25%10*s

[N 376.99 rad/s kxo1 = Kxwz 156.27 pu

Pgy = Pg, 1 pu kxp1 = kxps 14.362 pu

Qo1 = Qo2 0 pu ki =k 110.17 pu

Mi = M; 8s L 3.436 mH

k1 = ks 20 pu Lis; 7.902 mH

kg1 = kgo 10 pu

Substitute (23) into (22), the complete plant models can be
expressed as

x(k+1) = Az(k) + Bu(k) + Fwais (k) o4
y (k) = Cx(k) + Fwais(k)
where © = [mm(;:\] , A= [‘%p Ejlgi’:w] , B = [B;]P} , E =
[Pp2],C =[C) F,Cais],and F = F, Dyi.
It is noteworthy that from (23), Tais = W), = [Vfisq Vilisq

Iisd Pais q]T. That is to say, the main disturbances in Fig. 7, i.e.,
nonlinearities of the inverter and disturbance current of Nor-
ton’s circuit are included into the state variables in the complete
plant models as shown in (24). Therefore, it is possible to use ob-
servers to estimate these disturbances as discussed in the follow-
ing section. It is noteworthy that as mentioned previously, these
disturbances may vary according to loading conditions; how-
ever, these variations will be quickly detected by the observers.
Besides, whenever there is a parameter mismatch between the
supposed plant and the real plant, it will also be corrected by the
disturbance model owing to the presence of observers [24]. With
this effort, the proposed method is very insensitive to unknown
disturbances and plant uncertainties, thus, its control accuracy
can be significantly improved. In particular, nonlinearities of
inverters, which cannot be well handled by virtual-impedance-
based methods, can be easily estimated by the observers. As
their impacts are well considered in (2) and (3) during the plant
modeling, the effectiveness of the proposed control is immune
to the existence of these nonlinearities.

B. Design of the State Observers

It is noteworthy that not all output variable in y is measurable
as the bus voltage is assumed to be unknown. Therefore, the out-
put equations of (24) can be rewritten as follows for measurable
output variables:

Ym (k) = C'm m(k) + F'm wdis(k) + w,, (k) (25)

_ ; ; T

where y,, = [V0,1a Voutg Toutd Youtg]” » Cm and F, are the
submatrices of C' and F related to y,,, and w,, is a Gaussian
noise related to the measurement uncertainty.
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Based on (24) and (25), the state vectors can be observed
using the Kalman filter as follows:

where &(k|k — 1) indicates the predicted « at k based on the
information at k£ — 1, and M is the Kalman gain matrix, which
can be calculated from (24) and (25) as shown in [36].

From (24)—(26), the updated state estimates are deduced as

Z (klk) = A &(k — 1|k — 1)+ Bru(k — 1) + My,, (k)
27
where A, = A—- MC,,A and B, = B-MC,, B. All
these matrices can be obtained through offline calculation.

As Ay, By, and M are 6 X 6, 6 x 2, and 6 x 4 matrices,
respectively, the online computational complexity of one state
observer is equivalent to 72 multiplications and 66 additions per
control period.

C. Design of the MPCs

The principle of the proposed control lies in the cost func-
tions, which is optimized by the MPCs. In order to compensate
the bus voltage power quality and share current sequences, si-
multaneously, the cost functions of the MPCs are proposed as

Ny

Tk = 3 NG, e+ jlk) =7 (kb + )5

J=N1

]\f‘vg
+ ) Nuk+ 5= Dl (28)

i=1

where expression || X HQQ = X" QX is the compact represen-
tation of quadratic form, /N; and N, are the start and the fi-
nal steps of the prediction horizon, respectively, N3 is the
control hOTiZOIl, go = [%gutd %gutq {}{)lusd {)Qusq ]T is the out-
put variables to be controlled by MPC, r is the reference
trajectory of §,, which is set to O in this study, Au(k) =
u(k) — u(k — 1) is the variation of the control input vector, and
Q(j) = diag(Q},Q7, QY ,Qy) and R(j) = diag(R}, R})
are weighting matrices for the output variables and control vari-
ables, respectively.

It can be interpreted that the cost functions (28) try to min-
imize the negative/harmonic sequences of the bus voltage and
the inverter output current. Therefore, if these cost functions are
applied to all the controlled sequences in all studied inverters, an
equilibrium operating point minimizing these voltage and cur-
rent sequences will be achieved automatically. As for the proper
sharing of current sequences, proper tuning of Q(j) discussed
in next section is the key.

In the presented work, general MPC without constrain is
adopted on account of its relatively lower online computational
complexity. Therefore, the MPC algorithms can be deduced as
follows:

u(k) =Ky & (klk)+ T+ K )u(k—1)  (29)

where K, and K, are feedback gain matrices of state and
control variables, respectively. To simplify the online computa-
tion, they can be calculated offline from the cost functions (28)
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TABLE II
PARAMETERS OF THE POWER QUALITY COMPENSATION PART

Parameter Value Parameter Value
N, 1 Ny 3
N, 20
kit 0.1 R;! 20000 V-2
k;° 0.05 R 5000 V2
k7 0.1 R}7 4000 V2
ket 0.2 R 5000 V2
k13 0.2 RS 3000 V2
[l 0.5 R;Y7 4000 V2
ko 0.5 RFY 2000 V2

Above parameters are applied to both DG 1 and DG 2

and the state-space equations (24) using the method explained
in [37].

As K, and (I + K,,) are 2 x 6 and 2 x 2 matrices, respec-
tively, and elements K14, K03, K12, and K, o7 are all 0, the
online computational complexity of one MPC is equivalent to
12 multiplications and 10 additions per control period.

V. TUNING OF MPC PARAMETERS

First of all, prediction horizon N; ~ Ny and control hori-
zon N3 should be long enough to assure correct prediction. As
general MPC without constrain is adopted in this paper, longer
prediction horizon and control horizon only complicate offline
computation of K, and K, and do not require any additional
online resources. Therefore, long horizons such as the recom-
mended values shown in Table II can be adopted. In view of the
fact that further increasing these horizons barely change K,
and K, it can be concluded that the recommended values are
longer enough for precise prediction.

Tuning of the weighting factors (Q7, Q}, and R})) is the key
of the proposed method. As the absolute values of weighting
factors do not influence the control results, )7, can be arbitrarily
setto 1 V72, and Q7 and R" are tuned relatively to Qv .

To study the influence of weighting factors, an s-domain
closed-loop model of the studied microgrid is established for
pole loci analyses, as shown in Fig. 9. In Fig. 9, the plant model
is an s-domain state-space model derived from circuit equations
in a similar way to (14). However, at this time, the whole mi-
crogrid circuit shown in Fig. 2 is included and no simplification
such as (10)—(13) is applied. The second-order LPFs shown in
Fig. 5, which are neglected in Section I'V-A, are also included
for the correct stability and dynamic analyses. Subscript f is
addedto V), and I}, (k =1, 2) after LPFs, to distinguish
the measured variables before and after LPFs. It is noteworthy
that because LPFs, observers and MPCs are implemented in a
digital controller, they are first modeled in z domain, and then,
transferred to s domain using zero-order hold. With these ef-
forts, the presented closed-loop control model is quite close to
the real system. Due to the page limit, the mathematical repre-
sentation of each block is omitted in this paper, and only the
closed-loop pole loci are presented.
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Closed-loop control model of the studied microgrid at nth-order

A. Tuning of Q7

The ratio of Q7 /@7 is determined according to the tradeoff
between the bus voltage steady-state error and current sharing
accuracy. At steady state, the gradient of cost functions J(k) in
the direction of Awu(k) should be 0. This gives

J(k) =

where C, is the submatrix of C related to g,. From (30), it can
be deduced that

VAu(k) (C,B)' Q(k+1)g, (k+1k)= 0 (30)

n

Q[( lodd) fout(dq) - =

[Cloas ~Blosa] s the load admittance matrix

load load

used in state-space models. As G}, and B} ; are unknown
parameters it can be assumed that G} ; = Shase /Vi4,. and

It.q = 0, where S, is the power rating of the DG and Wi, 55¢
is the nominal voltage. Even if these assumed load admittance
matrices are different from those of the real plants, control ac-
curacy of the MPCs will not be influenced because the model
mismatches are observed and compensated by the disturbance

models as discussed in Section IV-A.

$V2us (dq) (3D

where Yi.4 =

. i .
Assuming the acceptable error of [[V'y,; (4[| is &} pu when
an .
||I0ut(dq) H is 1 pu. From (31)
, 4
n o __ yn kz _ n Vi)a%c (32)
I — YV n 2 h S
( load) base
From (31) and (32)
in = Sha;c LI ;
ou TRV usd
. b (3)
Zoutq k" VZ busgq*

base

It can be observed from (33) that if k' is set equally and
Vbus(dq) is predicted correctly in each DG, Iout<dq> of each DG
will be shared proportionally to respective power rating Shase-
This mechanism is similar to the well-known P — f droop con-
trol, as shown in Fig. 10. In the P— f droop control, frequency
f provides the common reference for all DGs to share the ac-
tive power P. In the proposed cost-function-based method, bus
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Fig. 10. Analogy of P — f droop control and the proposed cost-function-
based unbalance and harmonics control.
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Fig. 11.  Close-loop pole loci when k]:‘r’ varies (non-dominant poles out of

range are not shown).

negative/harmonic voltage Vﬁus(dq) provides the common ref-
erence for all DGs to share the output negative/harmonic current
I out(dgq)*

Hence, similar to the well-known tradeoff between frequency
deviation and active power sharing accuracy in P— f droop
control, there is also this kind of tradeoff in the proposed unbal-
ance/harmonic control method. It can be concluded from (33)
that smaller &}’ results in smaller bus voltage harmonic/negative
sequence V{jm(dw. However, the bus voltage estimation er-

Vi (dg) — Vius (dq)» Will be ampli-
resulting in a larger current sharing error

ror, i.e., E?buq(,q

fied by smaller £,
€iout (dg) &S

Shase
AL

From (34), if kj; is too small, €}’ . (dg) MY become very
large even when 7, (dq) is small. In this case, large circulat-
ing current at the related sequence will flow between the two
inverters, no matter the magnitude of I§; 4, -

From the closed-loop pole loci shown in Fig. 11, it can also
be noticed that too large k;' makes the system unstable, and too
small k;/ slows down the dynamic response of the system. This
is because varying &} not only change the )7 /Q7, ratio, but also
change the ) / R} ratio. The latter plays an 1mp0rtant rolein the
stability and dynamics of the current balancing, as discussed in
next section. Nevertheless, this tradeoff is less important during
the tuning of k', as it can be compensated by the R; tuning
discussed in next part. Therefore, £}’ should be tuned first of all
to balance the bus voltage steady-state error with compensation
current sharing accuracy.

E?out (dq) — €Zbus (dq)- (34)

ase
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Fig. 13.  Microgrid testbed for the experimental verification.

1 1

(a) (b)

Fig. 14. Bus line voltage (upper) and inverter current (lower) waveforms
(a) without and (b) with the proposed power quality compensation control in
Case 1.

B. Tuning of R},

Tuning of R} is also a tradeoff. Generally, as R;, penalizes
the variation of the control input, smaller R leads to faster
dynamic response, whereas larger R!! leads to a more stable
and more robust closed-loop system [37]. This is also the case
in the studied system, as it can be concluded from the closed-
loop pole loci shown in Fig. 12. Although MPC can be tuned
without penalizing the variation of control input, i.e., equivalent
to dead-beat control, the proposed method is not the case because
the second-order LPF is not included in the plant model, as
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mentioned in Section IV-A. Therefore, the closed loop should
be tuned slow enough to make the LPF negligible.

Fig. 12 illustrates the optimal tuning of R]}. To tune the MPC
as fast as possible while mitigating overshoot and oscillation,
smallest R, that makes damping ratio ¢ (indicated by the ra-
dial lines in Fig. 12) of all dominant poles larger than 0.7 is
recommended.

Finally, all control parameters of the power generation part
and power quality compensation part adopted in this paper are
shown in Tables I and II, respectively. Definitions of the param-
eters in Table I are explained in [29] and [30].

VI. IMPLEMENTATION OF THE PROPOSED METHOD

1) Model the plants using the Norton’s equivalent circuits
shown in Fig. 7, and finally, establish the discretized state-
space equations (24). It is noteworthy that only the pa-
rameters of the LCL filter and line impedance are required
for this modeling, and load admittance can be assumed
as G1 4 = Svase /Viseo and BJ'_, = 0. Parameter mis-
match is tolerated because of the presence of disturbance
models and observers.

2) Design the algorithms of state observers (27) using the
Kalman filter. Gain matrices in (27) can be obtained from
state-space equations (24) and (25) through offline calcu-
lation as shown in [36].

3) Design the algorithms of state feedback controllers (29)
using MPC. Gain matrices in (29) can be obtained from
cost functions (28) and state-space equations (24) through
offline calculation as shown in [37].

4) Tune weighting factors ()} and R; based on the discus-
sion in Section V. @} should be tuned to balance the
bus voltage steady-state error with compensation current
sharing accuracy as shown in Fig. 10, and R} should
be tuned to balance the dynamic response with stability
using eigenvalue loci analyses similar to Fig. 12. Other
parameters of MPCs can be set as typical values shown in
Table II.

5) Implement the proposed power quality compensation con-
trol as shown in Fig. 4, with the algorithms of observers
and MPCs obtained in the previous steps.

VII. EXPERIMENTAL RESULTS

To verify the proposed decentralized control of unbalance and
harmonics, experimental tests of the studied microgrid shown
in Fig. 2 are performed using the setup shown in Fig. 13. Both
inverters are based on intelligent power modules Mitsubishi
PM75RSD060, and are controlled independently by a digital
control unit Myway PE-Expert IV, in which a TITMS320C6657
1.25-GHz dual core DSP is embedded. Due to the slow dV/d¢
of Mitsubishi PM75RSDO060, a relatively large dead time of
3.5 us is added to the PWM waves of both inverters. There-
fore, nonlinearities of inverters are hardly to be neglected in the
studied cases. As a result, it is difficult to apply conventional
virtual-impedance-based methods to this system.

The voltage/current waveforms, RMS values, unbalance
ratios, and harmonic distortions are measured by a Hioki
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Fig. 15.

(a)

(b)

Fig. 16. Bus line voltage (upper) and inverter current (lower) waveforms
(a) without and (b) with the proposed power quality compensation control in
Case 2.

PW6001 power analyzer. Sampling time of the data recorder
of PW6001 is set as 50 ms, and the total harmonic distortions
(THDs) presented in this paper are measured up to the 100th
order.

Three case studies are conducted to verify the effectiveness of
the proposed method. In Case 1, only the 3P balanced RL load
consuming 6.89 kW, 1.73 kvar is connected to the ac bus. In
Case 2, all the three types of loads shown in Fig. 2 are connected,
among which the 3P RL load consumes 4.30 kW, 1.65 kvar, and
the 2P RL load consumes 0.98 kW, 0.07 kvar. In these two
cases, the waveforms without and with the proposed control are
compared, and the transient response after the activation of the
proposed power quality compensation control is investigated.
In Case 3, the load settings are the same as those of Case 2,
whereas the performance of the proposed control during load
transients is evaluated.

A. Case 1: Balanced RL Load

In the case of the balanced linear load, both bus voltage and
inverter current should be balanced and sinusoidal. However, if
the proposed power quality compensation control is not applied,
due to nonlinearities of inverters, the voltage at inverter termi-
nals is distorted, and this distortion causes circulating harmonic
currents, which also deteriorate bus voltage waveforms, as it is

(b)

UNB factors, THDs, and IHDs of (a) bus voltage and (b) inverter current when the proposed power quality compensation control is activated in Case 1.

shown in Fig. 14(a). When the proposed control is applied, these
distortions are well controlled as shown in Fig. 14(b), because
the cost functions (28) try to find the equilibrium point mini-
mizing the harmonic sequences of the bus voltage and of the
inverter output current. It is noteworthy that if negative-virtual-
impedance-based methods are applied, the current waveform
will getting even worse, because harmonic current sequences
will be amplified due to reduced impedance between inverters.

Fig. 15 illustrates unbalance (UNB) factors, THDs, and in-
dividual harmonic distortions (IHDs) during the transient state
when the proposed control is activated at around 9.1 s. It can
be noticed that although the dynamic response of the MPCs is
limited by the LPFs, as discussed in Section V-B, the proposed
control is fast enough as the steady state is reached within 0.1 s
for the bus voltage and within 0.3 s for the inverter current. It can
also be concluded that the harmonics caused by nonlinearities
of inverters are well compensated by the proposed control, as
all the controlled harmonic orders are largely reduced in both
bus voltage and inverter output current. This results in a reduc-
tion of THD from 2.75%, 2.54%, and 3.01% to 0.32%, 0.53%,
and 0.80% for the bus voltage and the output current of Invert-
ers 1 and 2, respectively. This result coincides well with the
waveforms shown in Fig. 14.

B. Case 2: Complex Load

In Case 2, the control of unbalance and harmonics becomes
more challenging due to the presence of unbalanced load and
nonlinear load. The ideal result is that the bus voltage is bal-
anced and sinusoidal, and the unbalanced and harmonic current
is shared between inverters according to their power rating ra-
tio. It is difficult to achieve this objective without the proposed
power quality compensation method, as illustrated by the wave-
forms of the bus voltage and inverter output current shown in
Fig. 16(a). It can be noticed that the bus voltage is distorted
and unbalanced, whereas the current waveforms of two invert-
ers are not in the same shape, which indicates the presence of
the circulating harmonic current between inverters. The wave-
forms are much improved with the proposed method shown in



LIU et al.:

COST-FUNCTION-BASED MICROGRID DECENTRALIZED CONTROL OF UNBALANCE AND HARMONICS

7407

/o\ 4 F ] ’c\ 15 E II T T T =
s ,L | S 0 7 . =
m % 5F lour2 Loutl i
% 0k 1 L L 1 1 1 1 .| [1]= I L L 1 L 1 1 =
T ‘ ‘ ‘ ‘ T =~ gL T T T ‘ T ‘ —
S —\ X ¥
g 2 ia 4fi7 .
% % our2 \l
H O’ L | L L L L L - h 0’ l" |:\f!xx \outl L 1 L 1 |
—_ [ T T T T T T T J~ [ Tour2< 7T T T T T T .l
B ¢ 5th xX 8 Zoz/l2(7th)
L e s H *
£ oL Jth ! ! ! ‘ ! T = oL t(5thy i (7th) ‘ . ‘ -
~ 2F T T T T T T T I~ 2F T T T . 1 fth) T T T ]
g 11th S “loun(11th) Loun(
=== 18 e ]
- "\,
E 0k 113th L L I 1 L L - E (= T e e & ”'v( 13th) 1 L 1 L -
1 ‘ ‘ ‘ ‘ ‘ ‘ . | T Lottt ‘ ‘ T ‘ —
< bz £ ligun(17th) lou2 (19t0)
A 0.5 =5 / 1 0.5+ .
E 0 C \lgth/ L Il L 1 L L - E o C 1 L \ L 1 1 L 1 |
10 10.5 11 11.5 12 12.5 13 10 \ 10.5 ) 11 11.5 12 12.5 13
Time (s) oun(17th) iy, (19th)  Time (s)
(a) (b)
Fig. 17. UNB factors, THDs, and IHDs of (a) bus voltage and (b) inverter current when the proposed power quality compensation control is activated in Case 2.
— [ T J o~ I5FT =T T =
. < oL loutl\' 4 ]
» 200 - aiZ)
> S/ ]
2190 I I 1 | I | I \’M1271 | ‘out2 | I L L | =
? 4 T T T T T T T T - ,;\ FT T T T l' T o T T T ™
E 2f 1 :\V: or s I>\i 1
50 outl 4
% 0T I L i L J L L L - % 0 T o s T I | 1 =
—_ ET T T T T T T T T ~ ET =T T T T T T T T
&\c/ 2 . | § i i loun—, T N -
% A l % Lourl
= 0ED i L L i i i 1 4= 0ED i I I i I L i i
S IS im,,z(Sth)—EF Joun(7h) ]
% 2r A/Stl’l b % 4r Loutl (Sth) van |
= 0 T ! 1 1 I I L == 0 I Y (’Zth)/ 1 1 I i
—_ - T 1 T T T T T - —_  —r— T T T T T . T T ]
S 2 th g 2 e lth)\lzcv Journ(13th)
o If _11th 1o 11 P Z i
E 0 T N I i I I 1 11 E 0B T I laml(l 1\th) I 1 Zm,,](l?ﬂh) i i
—_ 1 ET T T IJUr T T T T T s —_ 1 s = T  — T _\ T T |
S g fourt(17th)_ Tua (17th) i (19th)
o 05F /l7th 1a05F A
E 0 J_———‘——F?mlw—;d- L I 17 E 0 1 Il L L L L\i 1{1lnth) 1 Il
8 9 1019th 11 12 13 14 15 16 8 9 10 11 12 13 %4 15 16
Time (s) Time (s)
(a) (b)

Fig. 18.

Fig. 16(b), in which the waveforms of the bus voltage become
balanced and less distorted, and waveforms of the inverter cur-
rent resemble each other. This suggests that the bus voltage is
well compensated and the unbalanced/harmonic current is prop-
erly shared between inverters. It is noteworthy that if positive-
virtual-impedance-based methods are applied, the bus voltage
will become more distorted and unbalanced as bus voltage har-
monic and negative sequences will increase due to the amplified
harmonic and negative voltage drop on |Z], .. + Z5 .|, as it
is illustrated by Fig. 3.

The transient response of UNB factors, THDs, and IHDs
of the bus voltage and inverter current is shown in Fig. 17. The
proposed control is activated at around 10.3 s, and steady state is
reached within 0.1 s for bus voltage distortions and within 0.3 s
for inverter current distortions. UNB factors respond slightly
slower, which are less than 0.2 s for the bus voltage and 0.5 s for
the inverter current. At steady state, the UNB factor of the bus
voltage is reduced from 1.85% to 1.09%, and THD is reduced

UNB factors, THDs, and IHDs of (a) bus voltage and (b) inverter current during load transients in Case 3.

Fig. 19. Steady-state waveforms of the bus line voltage (upper) and the inverter
current (lower) after the first transient in Case 3.

from 3.68% to 1.72%. Meanwhile, UNB factors and harmonic
distortions of the output current reached almost the same values,
which indicate a well sharing of current sequences according to
the power rating ratio of inverters. It is interesting that some
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Fig. 20. Transient waveforms of bus line voltage (upper) and inverter current

harmonic orders of the DG currents decrease, whereas the other
harmonic orders increase. This is because the compensated bus
voltage reshapes the total load current sequences.

Still, small distortions can be noticed in bus voltage wave-
forms of Fig. 16(b), which contribute to the 1.72% THD. The
cause of residual bus voltage distortions will be further discussed
in next part of this section.

C. Case 3: Load Transients

In Case 3, the proposed control is activated all the time,
whereas its performance during load transients is shown in
Fig. 18. Initially, only the 3P RL load is connected. The 3P
rectifier load is connected at around 9.6 s, and the 2P RL load is
connected around 12.6 s. It can be concluded that the transient
response is very fast after each load transients, with settling
times similar to those in Case 2. The RMS value of the bus
voltage decreases after load connections due to the droop char-
acteristics of the power generation control, which lead to proper
sharing of inverter current RMS values. At steady state, UNB
factors and harmonic distortions of the two inverter-interfaced
DGs are always kept to be the same.

It can be noticed that harmonic distortions of the bus volt-
age increase after both load transients. For the first transient
from the rectifier load, bus voltage THD increase from 0.37%
to 0.69%, mainly because the increased load harmonic current
sequences result in larger drooped voltage sequence errors, as it
is illustrated in Fig. 10. For the second transient from the unbal-
anced load, bus voltage THD increases from 0.69% to 1.72%
with notable increase in all measured IHD, whereas current har-
monic distortions do not change significantly. This increased
distortions, which can be further confirmed from the waveforms
shown in Figs. 16(b) and 19, mainly result from uncontrolled
harmonic sequences, such as +5th, —7th, +11th, —13th, +17th,
and —19th, which are introduced by the load unbalance. If ded-
icated controllers for these sequences are added to the control
frame, bus voltage distortions will be further reduced under
the condition that both nonlinear load and unbalanced load are
connected. However, as these sequences generally only appear
in the unbalanced loading condition and are relatively small,
dedicated controllers for them are not included in this paper.

Transient waveforms of the bus line voltage and inverter
current during the first loading transient in Case 3 are shown
in Fig. 20. It can be concluded that noticeable bus voltage

L 0.1 0.12 0.14 0.16 0.18 0.2
Time (s)
(lower) during the first transient in Case 3.
TABLE III
EXECUTION TIME OF THE PROPOSED CONTROL
Harmonic Sequences 1.25 GHz DSP 150 MHz DSP
q (Measured) (Estimated)
Up to 19th 9.44 us 75.5 ps
Up to 13th 7.89 us 63.1 us
Up to 7th 6.30 us 50.4 us

distortions disappear after one or two cycles and proper cur-
rent sharing is kept throughout the transient.

D. Execution Time

Although power generation part and negative and six har-
monic sequences are controlled, respectively, the control pro-
gram of each inverter is executed within 9.44 s, which is fast
enough for the 18-kHz control frequency in this study. As the
1.25-GHz DSP used in this study is a high-performance one,
estimated execution times in a typical 150-MHz DSP are listed
in Table IIT according to the frequency ratio. From this table, it
can be concluded that even with a 150-MHz DSP, the complete
proposed control can be applied at a control frequency no higher
than 13 kHz. If controllers for harmonic sequences higher than
seventh are not included, 18-kHz control frequency is also re-
alizable. Considering foreseeable further progress of the DSP,
execution time is not an issue for the proposed control.

VIII. CONCLUSION

A cost-function-based decentralized power quality compen-
sation method realizing, simultaneously, the bus voltage com-
pensation and inverter current sharing is proposed in this paper.
Unlike previous methods based on virtual impedance, the pro-
posed method is not restrained by the tradeoff between the bus
voltage quality and mitigation of inverter nonlinearities. There-
fore, it becomes the first method, to the best of the authors’
knowledge, to realize simultaneous bus voltage compensation
and negative and harmonic current sequences sharing under
the condition that inverter nonlinearities are not negligible. The
plant modeling, including the consideration of nonlinearities of
inverters, the unknown presence of other sources and unknown
loading feature is discussed in detail, followed by the design of
the observers and MPCs, which are the recommended tools to
optimize the proposed cost functions. Tuning of the weighting
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factors of MPCs is the key for the desirable balance between
the bus voltage compensation and current sharing accuracy, and
for the tradeoff between stability and transient dynamics. The
complexity of the proposed inverter control is acceptable as it is
demonstrated that its total execution time in a DSP can be lim-
ited within 9.44 us. As it is verified by the experimental result,
despite of the presence of considerable inverter nonlinearities,
the proposed power quality compensation method achieves ex-
cellent transient and steady-state performance regarding simul-
taneous bus voltage compensation and inverter current sharing
under any given loading condition, without any communication,
upper level controller, or bus voltage measurement.
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