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Zero-Level Control Design in AC Microgrids: A
Robust Multivariable Approach
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Abstract—In this article, a multi-input multioutput robust
proportional-integral (PI) controller is designed for zero-level
control of ac microgrids. The study system is a voltage-sourced
converter connected to the rest of the microgrid through a dis-
tribution line and an ac output filter. The design procedure of
the proposed high-gain PI controller is independent from the
state matrix of the distributed energy resources. Severe local load
changes are considered as the system unknown disturbances. It is
proved that the closed-loop system behaves like a first-order system
with stable internal dynamics. As the bandwidth of the suggested
zero-level control can be systematically adjusted, it can properly
operate in both high and medium frequencies without considerable
fluctuations and overshoots at the output. It is also shown that
circulating currents, which can cause overcurrent conditions in
power electronic devices and damage dc-link capacitors, are limited
without using any limiters. By considering some realistic scenarios
and through time-domain simulations in MATLAB/Simulink and a
supporting experimental test, it is shown that the proposed strategy
can successfully attenuate adverse effects of unknown disturbances
on the load voltage of islanded microgrids.

Index Terms—High-gain proportional-integral (PI) controller,
microgrid, multi-input multioutput (MIMO) control, voltage
control.

I. INTRODUCTION

ICROGRIDS, the building blocks of the smart grid,

are micronetworks composed of distributed energy re-
sources (DERs), energy storage systems, distribution lines, and
consumer loads that operate autonomously or in connection with
the main utility grid. To provide frequency and voltage stabil-
ity, main grid synchronization, cost-effective energy manage-
ment, active/reactive power control sharing among DERs, and
upstream-connected networks, a hierarchical control framework
with different control objectives in different time scale and func-
tionalities has been established [1], [2]. Voltage and frequency

Manuscript received 6 January 2023; revised 20 March 2023; accepted 15
April 2023. Date of publication 21 April 2023; date of current version 19
May 2023. Recommended for publication by Associate Editor F. D. Freijedo.
(Corresponding author: Yazdan Batmani.)

Ali Rafiee, Yazdan Batmani, and Hassan Bevrani are with the Department
of Electrical Engineering, University of Kurdistan, Sanandaj 66177-15175, Iran
(e-mail: ali.rafiee @uok.ac.ir; y.batmani @uok.ac.ir; h.bevrani @uok.ac.ir).

Ali Mehrizi-Sani is with the Bradley Department of Electrical and Computer
Engineering, Virginia Tech, Blacksburg, VA 24061 USA (e-mail: mehrizi@
vt.edu).

Toshiji Kato is with the Department of Electrical Engineering, Doshisha
University, Kyoto 602-8580, Japan (e-mail: tkato@mail.doshisha.ac.jp).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2023.3268865.

Digital Object Identifier 10.1109/TPEL.2023.3268865

, Ali Mehrizi-Sani
, Life Senior Member, IEEE, and Hassan Bevrani

, Senior Member, IEEE,
, Fellow, IEEE

stability for microgrids in the grid-connected mode are dictated
by the main grid, and following islanding, an effective control
strategy should establish reliable operating conditions [3]. In the
hierarchical control structure, the primary control level operates
at the fastest time constant (milliseconds to seconds) to stabilize
the voltage and frequency, to provide plug-and-play possibility
for DERS, to share the active and reactive powers among DERs,
and to mitigate circulating currents that can cause the overcurrent
phenomenon in power electronic devices [4]. As shown in Fig. 1,
the primary control level establishes the architecture of the
main control loops, including the independent inner current and
voltage loops (also known as zero-level control) and the outer
droop loops. The droop controllers compare the active power
and reactive power with their command values and provide the
frequency set point and voltage reference. The inner control
loop is established for voltage tracking with zero steady-state
errors using the synchronous dg reference frame [4], [5]. The
bandwidth (BW) of zero-level control loops should be higher
than that of outer loops. The voltage control loop regulates
capacitor voltage and provides references for the inner current
control loop. For these applications, the proportional-integral
(PI) controllers with feedback and feedforward terms and a
decoupling component have been widely utilized in the reference
frame dq [4]. These controllers, however, are susceptible to high
overshoots, and they are sensitive to parameter fluctuations and
system nonlinearity. Therefore, these controllers are unable to
ensure the accurate transient power sharing [6]. Furthermore,
the changes in the output power of the inverter in response
to disturbances, caused by load changes, are associated with
high-frequency fluctuations; and thus, the outer control layer
must be equipped with a low-pass filter with a cutoff frequency
of w., which is typically tuned a decade below the nominal
frequency [7].

As stated, although the zero-level control has a sufficient
BW, the overall BW of the primary control level is dictated by
the low-pass filter’s cutoff frequency. Hence, the higher control
layers, such as the secondary control level, must have BWs lower
than the BW of the primary control level. From a practical point
of view, the secondary control with low BW may be affected
by communication network uncertainty and cyberattacks [8].
Consequently, utilizing a fast and robust control structure in
the primary control level is one of the essential requirements
for the microgrid control reliability, and many techniques have
been proposed to improve primary control BWs. Among these
methods, model predictive control (MPC), robust control, and
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Fig. 1.  Electrical configuration and primary control level of an electronically interfaced DER.

optimal control are more common [6], [9], [10]. In [8], [11],
[12], and [13], the basic configurations of the MPC, finite
control set MPC, and continuous control set MPC were used to
improve the zero-level control performance. Although the MPC
approach is effective, there are still challenges in its industrial
applications. For example, in order to commence control of
switch converters, the underlying MPC algorithm must solve
an optimization problem, which is time-consuming, especially
if a large prediction horizon is selected to achieve satisfactory
results. Besides, other challenges, such as variable switching
frequencies and wide harmonic spectrum, should be taken into
account [14]. For the primary control-level design, robust tech-
niques, such as Ho, H,, mix Ho/H, and an iterative p-based
solution, were investigated [10], [15], [16], [17]. In general,
when classical robust control methods are used in multivariable
systems, setting control specifications is a challenge [18], [19].
Furthermore, in designing an H,, controller, the controller is
usually high order [20]. In recent works, the development of
the primary control loops is based on the state/output feedback
methods [9], [21], [22]. These control strategies lack sufficient
robustness against changes in the system dynamics. They need
to be equipped with integrators in order to achieve reference
tracking with zero steady-state error [10], [15], [22].

In the aforementioned approaches, the active and reactive
power filters are removed by designing a zero-level controller
with a broad BW in their control structure. For instance, a
super-high-BW inner control was introduced in [1] and [6].
In [9], an inner controller with a BW about 12.5 times wider than
that of the conventional inner control was suggested. Although
the tracking objective can be achieved by increasing the BW of
the closed-loop system, large control signals are needed that can
cause saturation in the actuators.

While using proportional—integral-derivative controllers in
the zero-level control of inverter-based microgrids raises some
concerns, they still play an important role because of their
simple structure [23]. In this article, a high-gain robust multi-
input multioutput (MIMO) PI controller is proposed to design
inner-loop compensators in the zero-level control of islanded
microgrids. The obtained closed-loop system is robust against
uncertainty and disturbances. To design the controller, the DERs

are modeled as MIMO systems with two control inputs (the
modulating signals in the dg framework) and two outputs [the
amplitudes of the voltages in the point of common coupling
(PCC) in the dq frame]. Then, the parameters of the proposed
high-gain PI (HGPI) controller are tuned based on the first
Markov parameter of the microgrid that can be identified in its
state-space representation. Since the first Markov parameter is
the multiplication of the system input and output matrices [24],
the designed MIMO controller is independent of the state matrix
of the system and guarantees the robust stability and perfor-
mance of the closed-loop system. Simulation and experimental
results show that the proposed controller successfully regulates
the microgrid output voltages even in the presence of severe
uncertainties. In summary, the main advantages of the proposed
controller are as follows.

1) A stable first-order transfer function is obtained for the
closed-loop system where the system internal dynamics
is guaranteed to be stable. Therefore, the structure of the
control system is simple to be analyzed.

2) Since the closed-loop system is first-order in which the
output voltage follows the reference input without any
steady-state error, there are no considerable fluctuations
or overshoots at the output. Therefore, the output power is
directly measured without employing low-pass filters. In
contrast to the other approaches, the proposed method can
properly operate in both high and medium frequencies as
there are no low-pass filters.

3) Circulating currents, which can cause overcurrent condi-
tions in power electronic devices and damage dc-link ca-
pacitors, are directly limited without needing any limiters.

4) The suggested controller satisfies the inner-loop control
requirements in both grid-connected and islanded op-
eration modes of DERs, and also offers plug-and-play
capability for DERs.

5) Concerning some limited knowledge of the system model,
the proposed high-gain MIMO PI controller is robust
against parametric uncertainty.

The rest of this article is organized as follows. The design

procedure of the high-gain robust MIMO PI controller is pre-
sented in Section II. In Section III, the studied microgrid is
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presented and equipped with the proposed controller. Section IV
presents the simulation results of applying the controller to
the microgrid. Experimental results are presented in Section V.
Finally, Section VI concludes this article.

II. MIMO PI CONTROLLER DESIGN
Consider the following dynamical system:
x(t) = Ax(t) + Bu(t)
y(t) = Cx(t) (D

where x(t) € R™ is the system state; u(t) € R™ is the con-
trol input; y(¢) € R? is the system output; and A € R™*",
B € R™"™ and C € R?*"™ are three unknown matrices. Here,
R™ is the Euclidean space of all n-dimensional real vectors.
It is assumed that the system (A, B, C) is controllable and
observable. Assume further that the state-space representation
(1) is a square MIMO one, i.e., m = q.

Definition 1: The Markov parameter sequence of
(1) is shown with {h(i)} (¢=0,1,...) and defined as
{04xn,CB,CAB,...,CA"'B,...} [24].

The problem is to design a robust output feedback controller
such that the closed-loop system is stable and y(¢) asymp-
totically tracks its desired trajectory. Following the approach
presented in [25] and [26], this problem can be solved by
designing a high-gain MIMO PI controller if the first Markov
parameter of the state-space representation (1) is full rank. Since
the studied microgrid does not satisfy this condition, however, an
extension of the method should be utilized to achieve the control
objectives by introducing extra output measurements [25], [26].
Due to the controllability and observability of (A, B, C), there

T
exists a similarity transformation {xf(t) X3 (t)} = Tx(t)

such that
Xl(t) o A]_l A12 X]_(t) 0 u D]_
L’Q(t)] - [Agl AJ ch(t) "B, (mlo det)
Xl(t)
v =|e e [N @)

where x; (t) ER(™™) x5 (t) €R™, d(t) is the external distur-
bance, and the other matrices (A;; (z,7 = 1,2), Ba, Dy, Cy,
and C,) are constant with appropriate dimensions. It should
be mentioned that B is a nonsingular matrix [26]. When
CB = C;,B; is not full rank, a new output measurement is
defined as follows [26]:

w(t) = y(t) + My (t)

= [01 +MA;; Co+ MA12} t{;gﬂ

x1(t)
x2(t)
where M is called the measurement matrix that must be selected

such that F3Bs is full rank. By designing a proper controller
such that the closed-loop system is asymptotically stable and

= [F1 Fz} 3
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Fig.2.  General structure of the closed-loop system under the high-gain MIMO
PI controller.

y(t) tracks its desired trajectory v(t), the steady-state values of
y(t) and w(¢) are the same since, when ¢ tends to infinity, X1 (¢)
tends to zero. One of the control objectives is to eliminate the
steady-state tracking error v(¢) — y(¢). In the following, this
goal is attained by forcing e(t) = v(t) — w(t) to set to zero.
An HGPI controller makes it possible to not only stabilize the
closed-loop system but also to achieve the control performance
objectives, including the desired inputs tracking. The structure
of this controller is given as follows [26]:

u(t) = g (Kpe(t) + Kiz(t)) “4)

where g is a scalar gain; Kp and Kj are the controller gain
matrices; and z(t) is the time integral of error e(¢). The block
diagram of the system under the utilized HGPI controller is
shown in Fig. 2. Using e(t) and (3), we have

z(t) =e(t) =v(t) —w(t) = v(t) — F1x1(t) — Faxa(t).
5)

Therefore, the state and output equations of the closed-loop
system and its corresponding transfer function matrix, shown
with G(s), can be represented by (6) and (7) shown at the bottom
of the next page, respectively

By defining
T'.(s) = Co(sL,, — Ag) "By ®)
Ls(s) = Co(sIim-n) — 9A4) 'gB2Kp ®)
[ KK 0
Ay = o _f . (10)
_A12F2 KP KI All - A12F2 Fl
- T
Bo= |0 A,F;! (an
Co = _C2F§1K]}1KI C, - C2F51F1] 12)
A, = — B.KpF, (13)

it is possible to show that I'(s) = T's(s) + I's(s) equals the
second matrix in the right hand side of (7) when g tends to
infinity [26]. T's(s) and I' ¢ (s) are “slow” and “fast” asymptotic
transfer functions since they contain only the slow and fast
modes. The poles of I'(s) are found from |sI,,, — Ag| = 0;
and therefore, the slow modes of the closed-loop system are
not directly affected by g. Since A is a block lower triangular
matrix, the slow poles can be categorized into two different
groups. The first group is the poles related to the solutions of
|sL, + Kp'K;| =0 that can be stabilized by selecting
K; = aKp where « is an arbitrary positive constant. The
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Algorithm 1: High-Gain Robust MIMO PI Controller.

e Step 1. Select the measurement matrix M such that Fy
is full rank and the eigenvalues of Aj; — A12F2’1F1
are placed in the left-half plane.

e Step 2. Select the positive values for o, . .
construct X =diag{oy,...,0m}.

e Step 3. Set the proportional gain Kp = (FyBg) 13,

e Step 4. Select o > 0 and calculate K; = aKp.

e Step 5. Select a large positive value for the gain g.

., 0m and

second group of the slow dynamics is the solutions of |sI,, —
A+ A12F§1F1| = 0. These poles are also the zeros of the
system and usually can decrease the speed of the closed-loop
system response. The poles related to the fast dynamics (roots of
|51 (;—n) — gA4]) are controllable and observable. These poles
are direct functions of g [26].

Design of the tracking controller requires the selection of
the measurement matrix IM and the control law matrices Kp
and K;. In addition, achieving decoupling requires that the
asymptotic transfer functions (11) and (12) be diagonal, which
are satisfied if M is chosen so that F5 is not rank deficient and
F3 B, has full rank; and all of the closed-loop poles lie in the
open left half of the complex plane [26]. I ¢(s) in (9) is diagonal,
if

FQBQKP = (CQ + MAlg)BQKp =X= diag{al, ey O'n}
where 0, >0. Then, the fast eigenvalues are
{-=019,...,—0ng}. A synthesis procedure for selecting

the measurement matrix is to form Fo = Cy + MA 5 and to
select the most sparse matrix M that produces a matrix Fy of
full rank. Simultaneously, the matrix product CoF5 ! must be
made diagonal. The following algorithm summarizes the design
procedure of the high-gain robust MIMO PI controller. More
details can be found in [26].

III. MICROGRID CONTROLLER SYNTHESIS
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and measurable disturbances. Thus, the following differential
equations are obtained to describe the current and voltage dy-
namics:

dif abc .
Li—— = Vt,abc — Rflf,abc — Vo,abc
dt
dvo abc . .
CfT;f = If abc — lo,abe- (14)

Each three-phase variable x,p. in (14) can be transferred to
a stationary o3 reference frame under balanced conditions by

performing the following abc to o transformation [27]:
Tap = Tae?® + ﬂvbej%’r + xcej%r (15)

where .3 = 2, + jx3. Hence, the system’s model in the a3
frame is given as follows:

dif .
Ly flt b~ Vi,a8 — Rrifap — Vo,ap
dvoap _ . .
Cr—2 =t 05 — lo.ap- (16)
The af to the dg-frame transformation is defined by
Top = Xage?? = (Xa + jXq)e’? (17)

where 0(t) = fg w(r)dr 4+ 0y is the transformation angle.
Therefore, for the system’s nominal frequency wgy > 0, the
transformation angle is 6(t) = wot + 6. Substituting the a3
variables from (17) into (16) leads to

difg .. .
Ly < 5;5 E +Jw01f7dq) = Vt,dq — Rflf,dq — Vo,dq

dvo d . s .
Cf (dt’q + ]wOvo,dq) = If dq — lo,dq (18)
where each equation in (18) can be represented in terms of the
d- and g-axis components of the state variables by two scalar
equations. The resulting standard form for the set of scalar
equations derived from (18) is given as follows [11], [15]:

. . . . ﬂod(t) 0 wo ; Ci 0 Uod(t)
The single line diagram of the inverter-based DER connected g (1) Cw 0 Of 1 veq )
to the rest of the microgrid at the PCC is shown in Fig. 1. Since the VT = s 0 ) : ] I B AV
rest of the microgrid’s dynamic is uncertain, the currents drawn ?fd(t) ~Ir 0 y fﬁ wo ira(t)
by the system at the PCC are considered as externally bounded ifq (t) 0 —L% ' —wo —% ifq(t)
Z(t) Omxm —F1 —F2 Z(t) Im
x1(t)| = |0(n—m)xm Ay Ay x1() | + | 0—m)xm | V(t)
X2(t) ngK] A21 - ngKpFl A.22 - gBQKPFQ Xg(t) ngKp
[ 2(t)
y(t) = |:0q><m C, CQ:| x1 (%) 6)
[ x2(t)
- -1
SIm F1 F2 Im
G(S) = [qum Ci CQ} O(n—m)xm SI(m—n) —An —Aqs O(n—m)xm : (7
| —9B2K;  —Ag + gBoKpF; sk, — Az + gBoKpFs gB2Kp
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0 0 & 01
O 0 e 0 T | [ea(t)
' Lif 0 [UtQ(t) " 0 0 f |joq (t)]
0 £ Lo o0
. ) ’Uod(f)
Vod (1) 10,0 0| veglt)
L}oq(t)] N [ 0010 0| i@ |’ (19
ifq (1)

where voq(t) and veq(t) are the dg components of the PCC
voltage; ig(t) and igq(¢) are the dg components of the in-
verter output current; vy(t) and vq(t) are the dg compo-
nents of the ac-side terminal voltage of the inverter linked to
the modulating signal in the dg framework; ioq(t) and ioq(t)
are the dg components of the output current at the PCC;
L¢, Rg, and C) are the filter inductor, resistance, and ca-

pacitor, respectively. By defining x;(¢) = {vod(t) voq(t)}T,
T T
xo(t) = lin(®) i()] . x(0) = [xF®) xF@0)] . ult) =

[vtd(t) vtq(t)r, y(t) = [vod(t) voq(t)r, and the external

disturbance d(t) = {iod(t)
tation of the system is expressed in the standard form (2).

Prior to the design of the controller, a brief analysis of
the open-loop system is beneficial. Using (19) as a MIMO
system with two inputs and two outputs, the matrix transfer
function of the system is y(s) = G(s)u(s), where G(s) =
C(sI — A)~'B. According to the inverse of a partitioned matrix
lemma [28] and after some simplifications and by defining
X1 = (A22 — A21A1711A12)71, we have

ioq(t)}, the state-space represen-

1
G(s) = —L—fAjllAuX*l

o 1 bg 82 + bls + bo c18 + ¢o (20)

D(s) | —(c18+co) by 52 4 bys + by
where  D(s) =ay s* +a3s® +axs®>+a1s+ap, ag=
L%Cg, a3 = 2Rfo02, as = R%Cg + 2L?Cf2w(2) + 2L:C,

a] = QRfoC?wg + 2R C%, ag = R?wa% + L?C?wé —
2Lf0fwg +1, by =LiC;, by = ReCy, bgp=1-— Lfowg,
c1 = 2L¢Ciwy, and cg = R;Crwg. The Smith-McMillan form
can be utilized to determine the poles and zeros of a MIMO
system’s matrix transfer function [28]. Let M (s) stands for the
Smith-McMillan form of G(s) in (20). To compute M.(s), the
matrix transfer function is expressed as G(s) = P(s)/D(s),
where D(s) is a polynomial that is the least common multiple
of the denominators of all the elements of G(s), and P(s)
is a polynomial matrix. The Smith form of P(s) is given as
follows [28]:

2

o) = €1(8) 0
S(s) [ 0 62(8)]
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Fig. 3. A(jw) of the open-loop system.

where €7 (s) and e5(s) are two polynomials computed as

ei(s):L@ i=1,2

Qi-1(s)’ ’
where Qo(s) = 1, and Q;i(s) is the greatest common divisor
of all (¢ x 7) minors of P(s). According to (20), the greatest
common divisor of all (1 x 1) minors of P(s) is 1, and the
greatest common divisor of (2 x 2) minors of P(s) is D(s).
Therefore, the Smith form of P(s) is

1 0

0 D(s)|’
Consequently, the Smith—-McMillan form of G(s) is given as
follows:

(22)

S(s) = (23)

5 0
_ | D(s)

M(s) [ 0 1] . 24)

Using (24), the open-loop system has four poles in the left-
half plane without any zeros; and thus, the system is minimum
phase. Since the DER is a MIMO system with two control loops,
it is necessary to assess the intensity of interactions between
these control loops. To this end, the relative gain array (RGA)
matrix, as a commonly used tool, is utilized. The RGA matrix
of a nonsingular square matrix G (jw) is defined as

Alw) = G(jw) © G*(jw) (25)

where © and * represent the elementwise Hadamard product
and the transpose of the inverse matrix, respectively [28]. Using
(25), the RGA matrix of (20) in the steady state is computed at
w = 0 as follows:

A 1—11 1

A= " = . (26)

- 2

1+ ()

Since in practice R;Crwy < 1 — LiCiwi, the steady-state
RGA matrix is almost diagonal; and therefore, there is no consid-
erable interactions between the control loops in low frequencies.
Nevertheless, in high frequencies, the same analysis shows that
the interactions between the control loops are considerable. To
graphically investigate this fact, Fig. 3 shows the plot of A(jw)
of the open-loop system over the desired frequency range of
the system for Ly = 1.35 mH, Ct = 50 pF, and Ry = 0.1 Q.
As can be seen from Fig. 3, since A(jw) is not close to 1, the
RGA matrix is not close to the identity matrix; and thus, the
interactions between the control loops are not negligible. Hence,
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*
V(q

Fig. 4.

Structure of the high-gain MIMO PI controller.

in the conventional control techniques, where the control laws
for vy and vyq are independently designed by dividing the system
into two single-input single-output subsystems, the performance
of the system is degraded in the transient. In the following, to
tackle this problem, a MIMO technique is proposed to design
a unified controller for the system. The proposed controller is
designed according to Algorithm 1.

1) Step 1: Since CB is not full rank, a new extended output
w(t) should be defined as given by (3). The measurement
matrix M = [m;;] (4,7 = 1, 2) must be selected such that
F'5 is full rank. Based on (2) and (3), F'5 is computed as

1
Cy

0 1
Cy

_ L
-

mi1 Mi2

Fo=Cy+M

] . @27

ma1  M22

By selecting m1; = may =7 > 0 and m2 = mo; =0,
F'5 is full rank. Therefore, using (3), F; is given as follows:

0 wo -
—Wwo 0
The second category of the slow poles (|AL,, — Ay +
A, F,'F| = 0)is placed in —1/7 < 0.

2) Step 2: 01 = 09 = o > 0 is considered.
3) Step 3: The controller gain Kp is calculated as follows:

1
F,=C, +M e
—TWo 1

] . (28)

g

2 0
; G]. (29)

Kp = (BoF2) 'S =CsLy

T

4) Steps 4 and 5: The controller gain Kj is computed as
K; = aKp. a and g will be selected later.

Fig. 4 shows the block diagram of the proposed high-gain
MIMO PI controller. As can be seen from this figure, not only is
the PCC voltage used to construct the tracking error but also
the inverter output current and the load current are utilized.
Therefore, in addition to regulating the PCC voltage, this MIMO
controller can eliminate the adverse effects of circulating cur-
rents caused by nonlinear/unbalanced loads. Since Co = 0949,
according to (8)—(13), the fast dynamics and the first categories
of slow dynamics are not observable. These dynamics, known
as the internal system dynamics, have no effects on the output
response. Nevertheless, to achieve a stable closed-loop system,
these internal dynamics must be stabilized by placing their
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TABLE I
EFFECTS OF g ON THE DESIRED CLOSED-LOOP SYSTEM

g 107 5 x 107 10°
—500 £ j4.1 —797 £ j4 —879 + 53
Eigenvalues —4387 + j3843 —2692 + j54 —2149 + 515
—5185 4 54467 —46585 + j678 —96846 + 5650
e 0.277 0.0718 0.0372

corresponding states in the open left half of the complex plane.
Using (27)—(29) in (8) and when g tends to infinity, the following
ideal closed-loop transfer function is obtained:

1
Vod | _ | 7541 0 Vodref
1 .
Vog 0 =51 [Vouret

To complete the controller design, parameters 7, «, and o
should be selected to achieve the desired performance. Ac-
cording to (30), 7 can be defined as the ideal time constant
of the closed-loop system. To select this parameter, two issues
should be taken into account. First, the small values of 7 lead
to fast responses, which are desirable. Second, as the BW of
the closed-loop system, which equals 1/7, should be small, for
example ten times smaller than the switching frequency of the
inverters, larger values of 7 are of our interest. To make a tradeoff
and depending on the requirements of the application and the
switching frequency of the inverters, 7 is commonly selected
between 0.5 and 5 ms [27]. The poles connected with the internal
dynamics of the closed-loop system are located at —« and —og.
These poles must be sufficiently far from the imaginary axis so
that the internal dynamics quickly tends to zero. As mentioned
earlier, (8) and (9) are valid when g tends to infinity. On the
other hand, g has a direct effect on the amplitude of the control
signals. A relatively large value for g maintains the system per-
formance where its price is computing control signals with large
amplitudes. Therefore, g is used to make a compromise between
the amplitude of the control signals and the modeling error. To
numerically follow the design procedure, consider a DER with
L¢ = 1.35 mH, C; = 50 uF, and Ry = 0.1 Q. 7issetto 0.5 ms
for a fast response; o and o are set to 1000 and 1, respectively.
If g — oo, the poles associated with the internal dynamics of
the closed-loop system are located at —1000, —1000, —oo, and
—o0; and the controllable and observable subsystem (30) has
two poles both located at —2000. With these parameters, the
controller gains are as follows:

=T(s)

Vogref

Uodref] . (30)

&1V

0.135 0
K; = 1000Kp = .
0 0.135

To select the value of g, in Table I, the poles of the con-
trollable and observable subsystem (30) are reported for three
limited values of this parameter. For a given value of g, the
corresponding desired closed-loop system is shown with T'y(s).
InTable I, theerrore = || Ty(s) — Too ()| is also listed where
Il is the infinite norm. As expected, by increasing g, the
poles approach —1/7 and e decreases. In Fig. 5(a), the upper
(&) and lower () bounds of the singular values of T(s) are
depicted. Furthermore, the response of the desired closed-loop
system is shown in Fig. 5(b), where step changes are considered
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Fig.5. Effects of g on the desired closed-loop system. (a) Upper () and lower
(o) bounds of the singular values. (b) Step response of the desired closed-loop
system.

TABLE II
SPECIFICATIONS OF THE DERS TEST SYSTEM

Parameter Description Case | Case 2 Case 3
Vbe DC link voltage 680 V 2000 V. 650 V
Vma VSC terminal voltage 311V 630 V 325V
Nominal frequency 50 Hz 60 Hz 50 Hz
Ct Capacitance of LCL filter 50 pF 500 uF 25 pF
Lg¢ Input inductance of LCL filter 1.35mH 0.3 mH 1.8 mH
Ry Input resistance LCL filter 100 mQ 3 mQ 100 mQ2
L. Output inductance of LCL filter 0.35 mH 0.3 mH 1.8 mH
R. Output resistance of LCL filter 30 mS2 3 mQ2 100 mQ2

as the reference set points of vogrer and Vogrer at ¢ =1 s and
t =3 s, respectively. All these considered, in the rest of this
article, g = 10° is selected for the designed high-gain MIMO
PI controller since e is small enough for this value. The design
procedure of the high-gain MIMO PI controllers is illustrated
in the flowchart, as presented in Fig. 6. In this figure, Re{A}
stands for the real parts of the eigenvalues of A1; — AoF, F,.

IV. SIMULATION RESULTS

In this section, the designed high-gain robust MIMO PI con-
troller is implemented on inverter-based DERs.

A. Comparison Results

In this scenario, the performance of the proposed controller is
compared with those of a conventional controller [29], a robust
H,/H,, controller [10], and an optimal controller [9]. The tested
system is a DER that can operate in both grid-connected and
islanded modes, as shown in Fig. 7. Since the DERs in [4], [9],
[10] are different, in each comparison, the proposed high-gain
MIMO PI controller is redesigned based on the parameters of the
case studies, as reported in Table II. The DERs are connected to
the main grid that supports the voltage and frequency control. It
is assumed that the DERSs are disconnected from the main grid at
t = 0.05 s and placed in the islanded mode. Att = 0.08 s, the
same active power changes occur, and since the active power
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Select measurement matrix

M Y
Compute
F,=C,+MA;
F,=C,+MA,,

Is F, full rank?
Are Re{A,} negative?

Select
g>1,a>1

v

For oy, 0, > 0, construct
Xz = diag{oy, 0,},
Kp = (F,B))'Z, K;=aKp

v

Compute
T, (s) using Egs. (8) - (13)
T, (s) using Eq. (7)

Verify
ITo(5) = Te(®)llo < €

Fig. 6. Flowchart of the high-gain MIMO PI controller design.
PCC
DER Rei Lci 5 Rg = 050 Le = 800 uH
i=1,2,3
Grid
Load
Fig. 7. Block diagram of the system in mode transition and load variations.

changes do not affect the reference voltage, the PCC voltage
must return to its nominal value.

1) Conventional PI Controller: For a DER with parameters
reported in Table II, Case 1, Fig. 8 shows the performance of
the proposed controller and a conventional PI controller tuned
by the method presented in [4]. According to Fig. 8(a), when
the operating mode of the system is changed from the grid
connected to the islanded mode, the voltage of the PCC is
smoothly transferred to the new stable set point. This state
transition occurs in less than 4 ms with the proposed controller,
whereas it takes around 8 ms with the conventional PI controller.
In the event of the islanded operation, when changes in the active
power disturb the PCC voltage, the proposed controller can reject
this disturbance in the first oscillation, while the conventional
PI controller rejects it after six oscillations. As can be seen
from Fig. 8(a), in the proposed technique, the disturbance effects
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Fig. 8. Proposed HGPI controller versus conventional PI controller: transition

from the grid-connected mode to the island mode, and three-phase active power
changes. (a) Output voltage (d-axis). (b) Output active power. (¢c) Modulating
index.

are in the range of [—14%,4.5%], whereas in the conventional
method, it is in the range of [—19%, 17.5%)]. In addition, the
developed control approach can track the active power reference
with a maximum overshoot of 12% and a settling time of 2 ms.
However, the conventional method leads to a 36% overshoot and
10 ms settling time, as observed in Fig. 8(b).

2) Robust Hy/H, Controller: The performance of the sug-
gested controller and a robust Hy/H,, controller, which was
designed using the technique described in [10] for a DER with
parameters in Table II-Case 2, is shown in Fig. 9. In both the
control techniques, the PCC voltage is transferred to its new
stable set point in the same amount of time, as can be seen in
Fig. 9(a). In the islanded mode, nevertheless, the disturbance
caused by changes in the active power in the PCC voltage is
eliminated after about 4 ms and 10 ms by the suggested control
method and the Hs/H,, controller, respectively. Moreover, the
amplitude of the disturbance caused by these load changes is
0.09% and 1.7%, respectively.

3) Optimal Linear Quadratic Tracking (LQT) Controller:
Fig. 10 depicts the performance of the proposed controller and
the LQT controller for a DER with parameters in Table II-Case
3 [9]. According to Fig. 10(a), although the performance of
the LQT controller is not proper during the transition from the
connection mode, it seems that this controller outperforms the
proposed controller in the islanded mode. Nevertheless, since
the LQT controller does have any integrators in its structure, this
controller is unable to eliminate the steady-state error, whereas
the high-gain MIMO PI controller accomplishes this crucial
goal. Due to the scale of the plot, this steady-state error in
the LQT response cannot be recognized in the d-axis voltage
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Fig. 9. Proposed HGPI controller versus Hs/H, controller: transition from

the grid-connected mode to the island mode, and three-phase active power
changes. (a) Output voltage (d-axis). (b) Output active power. (c) Modulating
index.

tracking, but it can be easily detected in the g-axis voltage
tracking, as shown in Fig. 10(b). The analysis of the switching
modulation index, as an index of the control effort shown with
Ma, canindicate an additional advantage of the suggested control
approach over the LQT controller. Fig. 10(d) shows that, in the
suggested method, the stable value of the switching modulation
index is always less than one, while for the LQT controller, this
value becomes greater than one. For |m,| > 1, the modulation
process is referred to as overmodulation, and this phenomenon
can cause the appearance of low-order harmonics in the ac
voltage spectrum [27], [30].

According to the above results and paying attention to some
important advantages of the proposed high-gain MIMO PI con-
troller, such as providing extra flexibility in the design of the
outer control layer (secondary layer) due to its simple first-order
closed-loop transfer function, it can be inferred that the proposed
controller ranks first among the studied controllers.

B. Plug-and-Play Capability

As mentioned earlier, one of the primary control respon-
sibilities is to enable the plug-and-play capability for DERs.
While it is usually needed to establish specific control algorithms
to achieve this capability, the proposed high-gain MIMO PI
controller can address this issue without any additional control
algorithms. This self-synchronization property of the suggested
controller is investigated by assuming that S; is open and S5 is
closed at t = 0.4 s when significant differences in the phases
and amplitudes of the DERs are observed. As shown in Figs.
11 and 12, when S5 is closed, after two cycles, the voltage of
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Fig. 11.  Studied of island and grid-connected mode as well as plug-and-play

capability of DERs.

the DERs has the same amplitude and phase, and in the new
stable equilibrium point, they feed the 40 kW load with a power
factor of 0.8. Thus, the high-gain robust MIMO PI controller
can maintain its performance even in this challenging situation.

C. Islanded Microgrid

In this scenario, the designed high-gain MIMO PI controller
is applied to a microgrid that consists of four DERs, as shown
in Fig. 13. For the first and second loads, increasing and de-
creasing changes in the demand load are taken into account, as

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 7, JULY 2023

Time (s)

(a)

350 - j b

=300 \

Fos0r

200 -

. . . h .
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (s)

(b)

{
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
(©)

Fig. 12. Plug-and-play capability. (a) Output line voltage (abc-frame).
(b) Output voltage (d-axis). (c) Frequency.

RC4
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Studied four DERs islanded microgrid.

summarized in Table III [29]. To investigate the ability of the
closed-loop system to track the desired reference signals, which
are provided by the droop control, Fig. 14(a) shows the voltages
of all the DERs. The proposed high-gain MIMO PI controller
performs satisfying results, although the secondary voltage and
frequency controllers are not activated in the control system.
Fig. 14(b) shows the frequency of each DER where the designed
controllers are able to maintain the frequencies in acceptable
ranges. The active power is shown in Fig. 14(c), where the DERs
are equipped with the MIMO robust controllers. As seen from
these figures, the control scheme successfully shares the active
power among the DERs.

V. EXPERIMENTAL RESULTS

The performance of the proposed controller is investigated
using a laboratory experiment with the parameters, as presented
in Table III, DER 1. The experimental circuit, that is able to
operate in either islanded mode or grid-connected mode, consists
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TABLE III
SPECIFICATIONS OF THE MICROGRID TEST SYSTEM

Parameter ~ Description DER 1 and2  DER 3 and 4
S VSC rated power 45 kVA 34 kVA
Vbe DC-link voltage 680 V 680 V
VMma VSC terminal voltage 311V 311V
f Nominal frequency 50 Hz 50 Hz
mp P-w droop coefficient 9.4x107° 12,5 x107°
my O-E droop coefficient 1.3x107%  1.5x 1073
Cy Capacitance of LCL filter 50 uF 50 pF
Ly Input inductance of LCL filter 1.35 mH 1.35 mH
R Input resistance of LCL filter 0.1 Q 0.1 Q
L. Output inductance of LCL filter 0.35 mH 0.35 mH
R. Output resistance of LCL filter 0.03 © 0.03 ©
Line impedance

Line 1 Rip =0.23 Q2 Ly; =318 uH

Line 2 R]2 =0.35Q L]Q = 1847 ,U.H

Line3 Ri3=0.23Q  Ljz =318 uH

Load changes (VA)
Time 0.5 <t<1 1<t<1.5 1.5 <t <2 2<t <25

Load 1 12000 + 512000 18000 + 513500 16500 + 313000 12000 + 512000
Load 2 15300 + 57600 19800 + 59100 18300 + 58600 15300 + ;57600

of an inverter-based DER system, as shown in Fig. 7. The labo-
ratory setup is illustrated in Fig. 15. The inverter is controlled
by a digital signal processor system Myway Plus PE-Expert4,
and the measurements are gathered using the “Wave” function
of this system, which transfers the real-time values from the
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Fig. 17.  Experimental results in the grid-connected mode.

controller to the interfaced PC. In the islanded operation mode,
a step change in the active and reactive loads is taken into
account when a 4000 VA load with a power factor of 0.95
(AP oaq = 3800 W and AQyowq = 1270 Var) is delivered to
the system at ¢ = 0.04 s, and a quarter of the system’s load
is removed (AP gq = —950 W and AQq = —317 Var) at
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t = 0.08 s, as shown in Fig. 16. Since the voltage and frequency
references are defined by the droop control, the PCC voltage and
frequency shift proportionally to the coefficients of the active
power and reactive power droops, and the system states become
stable at a new equilibrium point.

In the grid-connected mode, the performance of the system
is investigated when the reference power changes as AP =
+1600 W, and AQf = #1000 Var between t = 0.05 s and
t = 0.1 s, as shown in Fig. 17. In this mode of operation, the
voltage and frequency references are imposed by the main grid.
As can be seen in Fig. 17, the proposed robust PI controller leads
to a smooth transition in the voltage and active/reactive power
at the load bus.

VI. CONCLUSION

In this article, high-gain robust MIMO PI controllers are de-
signed to control the voltage of ac microgrids. The parameters of
the controllers are tuned based on the first Markov parameter of
the microgrids; and therefore, it has been independent of the state
matrix of the system. Unlike other robust control techniques that
lead to high-order closed-loop systems, the suggested MIMO PI
method has a fixed-order structure. Moreover, it has a unified
structure where the current and voltage are simultaneously regu-
lated. The proposed controller can address the problem of current
saturation in a direct way, i.e., without employing any individual
current limiters. Since the designed MIMO controller is ro-
bust against uncertainty and external disturbances, the obtained
closed-loop system maintains its stability and shows acceptable
performance even in conditions, such as large disturbances.
The closed-loop system has a first-order transfer function with
stable internal dynamics. As a result, the control configuration
is straightforward to examine at the zero-level layer and can be
utilized to design controllers for the higher levels. The simulation
results have indicated that the designed high-gain MIMO PI
controller can successfully improve the performance of the
voltage control in microgrids.
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