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Optimal Integrated Inner Controller
Design in AC Microgrids

Yazdan Batmani"?, Yousef Khayat

Abstract—The optimal design of a microgrid’s primary con-
trol’s inner loops is a severe challenge in high-bandwidth (BW)
applications. Mostly, nonoptimal controllers are given as a sub-
level design for the current and voltage inner loops. Unlike con-
ventional methods, such as proportional resonant, proportional-
integral, and finite-set model predictive control, in this article,
an optimal integrated inner controller is proposed based on a
linear quadratic tracking (LQT) methodology. In the proposed
method, a model-based optimal LQT controls the microgrid’s
voltage and current simultaneously. By employing this method,
a performance index, which is a system energy indicator is min-
imized, and the BW of the controller is systematically adjusted
through the employed weighting matrices in the performance in-
dex. Besides, a current limiting mechanism is provided for the
proposed method, which discriminates its applicability for practi-
cal purposes. Unlike the conventional current limiting algorithms,
which limit the sine-waveform of the current, the proposed method
limits the amplitude of the current and causes less current and
voltage distortions during over-current situations. The simulation
and experimental results reveal the superiority of the proposed
method.

Index Terms—Inner controller, microgrid (MG), optimal
tracking, primary control (PC).

NOMENCLATURE
BW Bandwidth.
DGU Distributed generation unit.
ESSs Energy storage systems.
FS-MPC Finite set model predictive control.
LQG Linear quadratic Gaussian.
LQE Linear quadratic estimation.
LQR Linear quadratic regulator.
LQT Linear quadratic tracking.
LTR Loop transfer recovery.
MG Microgrid.
PC Primary control.
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PCC Point of common coupling.
PI Proportional integral.

PR Proportional resonant.

RES Renewable energy source.

THD Total harmonic distortion.

VSC Voltage source converter.

VARIABLES:

A State space matrix of the actual system for a DGU.

B Input matrix of the actual system for a DGU.

C Output matrix of the actual system for a DGU.

A e State space matrix of the desired system for a DGU.

Ces Output matrix of the desired system for a DGU.

A State space matrix of the augmented system for a
DGU.

B Input matrix of the augmented system for a DGU.

Q Quality of response weighting matrix for the LQT
design.

Q Quality of response weighting matrix of the aug-
mented system.

R Control effort weighting matrix for the LQT design.

K¢ State feedback gain matrix.

Ky Feed-forward gain matrix.

~ Discount factor.

Inverter output voltage.

ve(t) Filter capacitor voltage.

vy (t) DGU output voltage.

i (1) Current of the input inductance of the LCL filter.
ic(t) Current of the output inductance of the LCL filter.
Ry Resistance of the input inductance in the LCL filter.
R. Resistance of the output inductance in the LCL filter.
Ly Input inductance of the LCL filter.

Ct Capacitance of the LCL filter.

L. Output inductance of the LCL filter.

w Angular frequency.

o System eigenvalues.

R Set of real numbers.

R"™ Euclidean space of all n-dimensional real vectors.
R Space of all n x m real matrices.

40) Derivation with respect to time.

exp(.)  Exponential function.

I, n X n identity matrix.
diag(xz) Diagonal matrix with the elements of the vector x.
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1. INTRODUCTION

G IS an essential concept, which has recently emerged
M to integrate DGUs and ESSs for feeding loads either
in the grid-connected or islanded modes of operation [1]. In
MGs, power electronic VSCs are mostly used for conversing
RESs’ energy. To attain a secure and reliable operation of MGs,
hierarchical control architectures have been introduced in three
main control layers: PC layer, secondary control layer, and
tertiary control layer [2]-[4].

The PC layer is a decentralized layer, typically consisting of
dual cascaded inner loops of the current and voltage controllers,
and droop mechanisms [5]-[7]. Stabilization of the frequency
and voltage amplitudes of each DGU as well as appropriate
power sharing among DGUs are the main control duties of
the PC layer. While stabilization of the frequency and voltage
amplitudes is generally achieved by a dual current and voltage
control loops, the power sharing is achieved by the droop mech-
anism [8], [9].

Voltage and current loops, mostly introduced by the dual
inner loops, are traditionally realized by the PI and PR con-
trollers [10]-[12]. For a safe operation of power VSCs, a current
saturation block is necessary, which is placed to limit the gener-
ated reference current by the voltage loop. By this way, the em-
ployed VSC keeps a safe operation even for overloads and faulty
conditions [13]. A more detailed study that covers the modeling,
analysis, and design in the stationary frame of the PR-based inner
loops for the paralleled VSCs in the MGs has been provided
in [14]. For the same aims, a detailed small-signal modeling and
stability analysis of the MGs in the synchronous frame for the
PI-based inner loops has been recently given in [15] and [16].

In recent years, high-performance controllers and strategies
have been proposed to deal with the control objectives in the
inner loop layers, such that not only are the voltage and frequency
stabilized, but they can also limit the over-currents concerns.
In this regard, in [17]-[19], the MPC-based solutions have
been designed to satisfy the PC objectives. A full state-variable
direct MPC, which presents a simple structure, has been
introduced in [20]. Unlike the conventional cascaded control
loops, this solution tracks the generated reference set-points
in one single loop. However, it suffers from distortions and
harmonics issues of the current and voltage waveforms of the
current limiter during overloads and faulty conditions. In these
situations, the MPC-based solutions limit the sine-waveform;
and consequently, more distortions in the current and voltage
waveforms are appeared.

Using robust controllers to synthesis multiobjective optimal
controllers has become a popular tool in recent advanced control
designs. Employing robust approaches, such as Hy, H,, mixed
Hy/H, and iterative u-based solution for the PC layer design
has been already considered in [21]-[24]. Despite their robust
performances, the current limitation, as a safe operation require-
ment of the VSCs, has not been satisfied. In this way, in [25],
a robust sliding mode and a mixed Ho/H, output feedback PC
have been designed for the AC MGs, where a droop controller, a
mixed Hs/H, voltage controller, and an adaptive back-stepping
current controller have been allocated in a cascade structure.
The performance of the controller under overload conditions,
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To improve the transient behavior in both the islanded and
grid-connected modes, developing the PC based on the state
feedback strategy is becoming popular in the recent works.
Pérez-Ibacache et al. [26] have proposed a controller by con-
sidering a dynamic output feedback control problem solved
using an LQG-LTR procedure. This solution, however, requires
solving the LQE and LQR problems, where its adjustment needs
to follow a heuristic approach. In addition, the LQG-LTR pro-
cedure only unravels the separate minimization of the LQE and
LQR problems, and as checked in [26]-[28], may significantly
reduce the performance of the closed-loop system. The draw-
back associated with limiting the current during overloads for a
safe operation of the VSCs is still remained for the LQR-based
optimal reference tracking proposed in [29].

Modifying the inner controller structure such that the con-
troller BW is systematically adjusted by tuning the design
parameters is a practical requirement [30], [31]. Indeed, if the
primary controller BW can be increased in the hierarchical
structure, the outer control layers can also be established with
higher BW controllers; and thus, it leads to a faster response
in high BW applications [32]. In the primary controller’s tra-
ditional structures, the voltage and current control loops are
constructed in cascade. Moreover, every outer loop is designed
to have a slower response or a smaller BW than the inner control
loops. Consequently, the overall controller has a slow dynamic
performance. This matter causes some additional constraints
on designing the hierarchical controller’s outer layers (i.e., the
secondary and tertiary) [33], [34]. Therefore, increasing the
BW of the inner loops is a practical way to cope with this
problem.

In this article, instead of the traditional dual inner loops based
on the voltage and current controllers, an LQT controller is
developed with the following contributions.

1) The proposed integrated optimal LQT controller satisfies
the inner loop control requirements in both the grid con-
nected and islanded operation modes of the VSCs in an
MG. By employing the proposed scheme, not only are
the voltage and current stability for the DGUs guaranteed
through an optimal state feedback control law, but the
converter can also keep its safe operation during overloads,
voltage sags, and fault conditions due to its novel adaptive
current limitation mechanism.

2) Using the proposed method, the feedback and feedforward
gains are computed by specifying two weighting matrices.
In addition, the BW of the controller can be systematically
adjusted through the employed weighting matrices in the
design procedure, which makes the proposed solution
more applicable in high BW applications.

3) More importantly, unlike the mentioned LQR-based opti-
mal reference tracking control strategies in the literature,
such as [29], the proposed method is equipped with a
current limitation strategy, which is capable to tackle the
overloads and faults properly. Besides, while the current
limiting algorithm employed in the FS-MPC limits the
sine-waveform of the current, and consequently, leads
to more distortion in the voltage and current waveforms
during limiting [19], the proposed method limits the am-
plitude of the current and causes less current and voltage
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Fig. 1. Block diagram of a DGU including the physical layer and the primary
control structure.

distortions. These findings are comprehensively shown
through simulation and experimental results, and also,
in a quantitative analysis on the THD percentage during
overloads and voltage sags.

4) The proposed optimal inner loop control scheme is de-
signed in an offline mode just through finding a gain matrix
by solving an algebraic Riccati equation, where there is no
need to a continuous data processing with a high sampling
time.

5) The proposed method leads to a second-order inner con-
troller; it increases the six-order open-loop system to an
eight-order closed-loop system. Therefore, the order of the
closed-loop system is not increased considerably. While
for the conventional PI and PR methods, the closed-loop
degree of the inner-loops leads to a system with higher
order of ten.

The rest of this article is organized as follows. In Section II,

a mathematical model of the VSC-based DGUs is obtained. In
Section III, the design procedure of the LQT is presented. The
optimal integrated inner controller, designed based on the LQT
method, is reviewed in Section IV. In Section V, the simulation
and the experimental results of applying the proposed technique
to an example MG are represented. Finally, Section VI concludes
this article.

II. MATHEMATICAL MODELING OF DGS

Fig. 1 shows the block diagram of a DGU in an autonomous
MG, where the architecture of the PC and the conventional dual
inner loops are illustrated. The nonlinear behavior of each DGU
can be formulated in its own dg reference frame, where it is
assumed that the reference frame of the ith DGU is rotating by
the frequency of w;. The power calculator and droop controller
blocks, shown in Fig. 1, compute the active and reactive powers
and provide the voltage and frequency references for the voltage
controller, as well as the operating frequency for the inverter
bridge by using the following droop mechanism:

J— *
w; = w* —my, B

where v, is the reference value for the output voltage magnitude
provided for the inner voltage controller; w; is for the angular
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frequency of the DGU; P; and @); are the filtered active and
reactive power measured at the DGU’s terminal, respectively;
mp, and ng, are the droop coefficients; w* and V,, are the
control references of the droop control mechanism. The droop
coefficients are selected based on the active and reactive power
ratings of each DGU. In addition, to extract the fundamental
components of the calculated active and reactive powers P; and
Qi, low-pass filters with the cut-off frequency w,., are used. The
dynamics of the power calculator can be written as [35]

Pi = —We; Pz + We, (Ucdicd + 'chicq)
Qi = — W Qz + We, (chicd - Ucdicq)

@)

where veq, Vg, ica, and i, are the direct and quadrature com-
ponents of v. and . in Fig. 1. The dynamics of the voltage and
current inner loops can be found in [35]-[37]. The dynamics of
the DGUs’ LC filter and output line connector in the dg frame
can also be acquired as follows:

d . ) 1 1 Ry .
Ziga(t) = wiigg(t) + —vsa(t) — —vea(t) — —iga(t
dtlfd() wzfq()—i-Lfvd() Lfv a(t) Lfod()
d 1 1 Ry

aifq(t) = —wiifd(t) + Evsq(t) — Ech(t) - Eifq(t)

d 1. 1.

&U“(t) = witeq(t) + alfd(t) - azcd(t)

d 1 1.

Stalt) = —witea®) + i)~ (0

d . , R. . 1 1

£zcd(t) = Wyleq(t) — L—Czcd(t) + L—Cvcd(t) - L—Cvtd(t)

d . ) R. . 1 1

ach(t) = —w;ica(t) — L—ich(t) + fcch(t) - L—Cvtq(t).
(3

By defining the state vector z(t) = [ita(t) ifq(t) vea(t)

Veq(t) ca(t) icq(t)]T, the input vector u(t) = [vs(t) vsq(t)] T,
and the output vector y(t) = [vea(t) ch(t)}T, the following
state-space representation is obtained:

d
(1) = Ax() + Bu(?) + dug, (1)

y(t) = Cu(t) @

where A €R6*6 BcR6*2 deR2 and CeR?*S are as
follows:

'*Rf -1 -
—R; _
w1 =
wW; I I 0 0
i 0 0 w _—1 0
A=| Oy G
0 —  —w; 0 0 —
Ct i Ct
0 o L o £
L. ) L. é
i 0 0 0 fc —W; TC_
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III. LINEAR QUADRATIC TRACKER
Consider the following linear continuous-time system:

d
o1 = Ax(t) + Bu(t), 2(0) =9

y(t) = Cux(t) (5)

where z(t) €eR™, u(t) eR™, y(t)€RY, and z( are the state
vector, control input, system output, and initial condition, re-
spectively; A e R™*", B R"™"*", and C € R?*"™ are three con-
stant matrices. The goal of the optimal tracking problem is to
obtain u(t) such that y(t) tracks the reference signal yqes (t) € R?
and the following performance index is minimized while all the
system states stay bounded:

J = /090 exp(—t) (e (1)Qe(t) + u" (H)Ru(t)) dt  (6)

where e(t) = y(t) — yaes(t) is the tracking error; Q€ R9*?
and R e R are positive semidefinite and positive definite
weighting matrices, respectively; v > 0 is called the discount
factor. In the cost function (6), €T (t)Qe(t) is the error’s energy,
and u™T (t)Ru(t) is the energy consumed by the controller. Q
and R are used to make a tradeoff between these two terms. For
example, increasing Q leads to a faster closed-loop system with
larger control efforts. Presume that the desired reference signal
is the output of the following system:
d

axdes(t) = Adesxdes(t)7 xdes(o) = Zdo

Ydes (t) = CesTdes (t) (N

where xg4es(t) € R™e and x4 are the state and initial condition
of the generator system of the desired reference signal, re-
spectively; A ges € R™des*™des and Cyeq € R are two constant
matrices, which are determined based on the desired reference
signal.

By defining X () =exp(—~t)[x(t) mges(t)]T € R and
U(t) = exp(—vt)u(t) €R™, the dynamics of X (¢) can be de-
termined as follows:

T X(0)=AX(0)+BU®) (8)
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where

B

A=y + 1)

A Ondcs Xn N
Ades 7

On XN des Ondes xXm

According to the new variables X (¢) and the new control input
U(t), (6) can be rewritten as follows [38]:

J = / XTH)QX () +UT(#)RU(t)dt (10)
0

where Q =[C — Cues)TQ[C — Cuye is a positive semidef-

inite matrix [38]. Since the optimal control problem defined

by (8) and (10) has the same equations with a standard LQR

problem, the following optimal control law is achieved [38]:

Ut)= -R'BTPX(t) (11)

where P € R("H7ue)*(n4n4e) g the unique symmetric positive
definite solution of the following algebraic Riccati equation:

AP +PA -PBR 'B"P+Q=0. (12)

Equation (12) has a unique symmetric positive definite solu-
tion if and only if the pair (A, B) is stabilizable and Q is positive
semidefinite [39]. Regarding (11) and based on the definitions
of X (t) and U (t), the optimal solution of the original tracking
problem, defined by (5) and (6), is determined as follows [38]:

u(t) = —R'BTP2T(¢) =L ()]". (13)

The determined control law is a function of the states of the
main system (5) and the reference signal generator (7). In this
way, (13) can be rewritten as follows:

U(t) = —Kfﬂ]‘(t) — Kﬁmdes(t) (14)

where the feedback and feed-forward gains K¢y € R™ and K¢ €
R™e are obtained from (13), simultaneously.

Fig. 2 shows the design procedure of the optimal tracking
controller. For more details, readers can refer to [38].

IV. PROPOSED OPTIMAL INTEGRATED CONTROL

In this section, as depicted in Fig. 3, an optimal LQT controller
is designed for a DGU to track the voltage reference generated
in the droop control sublevel. The proposed controller is also
equipped with a current limiter mechanism to satisfy the cur-
rent limiting requirements, as an important feature for power
converter VSCs.

A. LQT Controller Design

Step 1: The optimal control problem, defined by (5) and (6),
needs to select appropriate weighting matrices Q and R. The
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Step 3: Due to (4), (8), and (16), B and A are determined as

Start
follows:
1 T
Define performance index ¢ 5 . 0O 0 0 0 0 0 O
(6) for state-space Select the discount factor B = f (17)
representation (5) y 0O — 0 0 0 0 0 O
f
! ! : 1 _
eeey e Solve algebraic Riccati e v B ff 0 0 0 0 0
Q&R ; 1
equation (12) o 0 b 0 0 0 0
v { Lt
! 0 L 0 0 0
. R — —’y w [ —
D(;eﬁne tbe decnd Set the control law (13) Cs Cy
ynamics by (7) _ 0 1 0 1 0 0
v A c 1w ! c
Determine A & B using m 0 0 fc 0 B w 0 0
9 1
= 0 0 0 fc —w -0 0 0
I— 0 0 0 0 0 0 -y 0
Fig. 2. Flowchart of the LQT controller design. L 0 0 0 0 0 0 0 —7]

Bryson’s method can be used to choose these weighting matrices
as Q = diag(q1,...,qn) and R = diag(ry, ..., ry) with [40]

1
% = aximum acceptable value of 2 (t)
1
T = (15)

maximum acceptable value of u?(t)

where x;(t) is the ith state variable of the system, and wu;(t)
is the ith control input. The maximum value of x;(¢) and
u;(t) are the physical constraints on their amplitudes that are
imposed to the design procedure. Besides, the Bryson’s method
is a rule of thumb, and the designer can systematically change
the values of these elements to achieve the desired objectives.
These weighting matrices present two degrees of freedom in the
proposed design technique. As mentioned earlier, adjusting the
controller’s BW is one of the significant merits of the proposed
method. Hence, the designer can benefit from the freedom to
modulate the controller’s BW. For instance, the BW of the
controller can be widened (the controller’s response can be
accelerated) by increasing the system state weighting matrix,
although at the expense of an increased control effort.

Step 2: Since the reference signals vcq ver (t) and veq ref (t) are
constant, their time derivatives are zero. By defining x.s(t) =
[Ved,ret () quJCf(t)]T, the following equations are utilized for
the desired reference signal:

d
&xdes (t) = 02x2%des (t) = AdesTaes (t)

ydes(t) = IQxdes(t) = Cdesxdes(t)- (16)

where &« = v+ R¢/Ls and 8 = v+ R./L..

Step 4: The rank of the controllability matrix of (A, B) is six;
and therefore, (A, B) is uncontrollable where both the uncon-
trollable modes belong to (16). However, the stabilizability of
(A, B) is the necessary condition for having a unique positive
solution of (12). The eigenvalues of the uncontrollable modes are
—~ that are negative for any v > 0; and hence, these modes are
stabilizable, and (12) has a unique symmetric positive definite
solution.

Step 5: The optimal control law is obtained as follows:

Vsd (t)

u(t) = [ ] =Ky [ﬁcd,ref(t) @cq,ref(t)]r

T
~ K fin(t) i) valt) valt) i) ()]
(18)

where Ocq rer (t) and eq ref(t) are the reference signals deter-
mined by the current limiter block (see Section IV-B). Fig. 3
shows how the proposed control law can be employed as an
optimal inner loop control by multiplying the calculated gains
K; and Ky into the state variables of the MG and desired
reference signal, respectively.

Remark 1: Paying attention to (17), in the presence of the
proposed LQT inner controller, the order of the closed-loop
system is increased from six to eight. The conventional PI
controllers, however, increase the system order from six to ten.

Remark 2: To eliminate harmonics and to reduce the
negative-sequence of current of the proposed method, one can
inspire from [41] for extending harmonic-based LQT inner loops
and rejecting the other harmonic orders, by repeating the design
procedure for other harmonics.

B. Current Restriction

One of the vital protection aspects for DGUs is keeping the
converter’s safety during overloads and in faulty conditions. This
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function is conventionally realized through limiters in the PI or
PR controllers; however, for recent controllers it is still remained
as a concern. In the traditional inner controls, the saturation
blocks are generally used after generating the reference current
by the voltage loop controller, as shown earlier in Fig. 1. In
the proposed method, nevertheless, to achieve this important
protection requirement, as shown in Fig. 2, a current limiter
mechanism is considered. The structure of this current limiter is
shown in Fig. 4. When the output current reaches its thresholds,
the reference voltage generated by (16) is automatically changed
by an adaptive scheme. In this way, the current is not allowed
to violate from its constraint. This adaptive mechanism uses the
following laws:

Deret(t) = Ved e (1), Sia(t) < —0.2;
cd,ref Ved et (t) — Ca(t), dia(t) > —0.2;
Bequret (1) = Veq,ret (1), dig(t) < —0.2;
o Veqyref (1) — Cq(t),  0iq(t) > —0.2;

) = (57
Gty = o

1
(Vg rer (1)) — &'q(t)) - @

As can be seen from (19), the inputs of the current limiter
mechanism are the voltage reference signals (veq ref(t) and
quch(t)), which are provided by the droop controller. Its out-
puts are the reference signals Ocd ref (£) and 9cq et (¢), which are
applied to the designed LQT controller. The outputs and inputs
of this current restriction mechanism are the same until icq(%)
and i.4(t) approach their restriction bounds. In other words, if
dia(t) < —0.2 (0iq(t) < —0.2), Ved,ref (t) (Deq,ret (t)) is exactly
equal to Ved ref(t) (Veq,ref(t)). Nevertheless, if diq(t) > —0.2
(0iq(t) > —0.2), which means they are close to their limitation
bounds, ved ref (t) (Veqref(t))) is changed by (4 (t) ((4(?)).

V. SIMULATION AND EXPERIMENTAL RESULTS

In this section, to evaluate the performance of the proposed
optimal integrated inner controller, an MG consists of three
DGUs (see Fig. 5) is considered. Some scenarios are studied,
and the achieved results of both simulation and laboratory tests
are compared. In the simulation and laboratory tests, the DGUSs’
utilized parameters are reported in Table I. By solving the
algebraic Riccati equation (12), the feedback and feedforward
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ELECTRICAL AND CONTROL PARAMETERS

Electrical Parameters
Parameter Symbol Value
DC source voltage VDC 650V
Nominal voltage magnitude Ve 325V
Nominal frequency f 50 Hz
Switching frequency fs 10 kHz
Capacitance of LCL filter Cr 25 uF
Input inductance of LCL filter Ly 1.8 mH
Output inductance of LCL filter L. 1.8 mH
Output and filter resistances R, Ry 0.1 Q
Line impedance 1 Zline 0.8Q,3.6 mH
Load 1,3 A 43Q,03H
Load 2 Z, 124Q,0.1H
Control Parameters
Parameter Symbol Value
P-w droop coefficient m 0.002 W/rad
Droop Layer -
Q-v droop coefticient n 0.02 VAr/V
Current proportional term kip 0.5
o Traditional | Current resonance term ki 1000
§ PR Voltage proportional term kyy 0.05
5 Voltage resonance term Koy 120
_E Error weighting matrix Q 1071,
Proposed —— -
LQT Error weighting matrix R I,
Discount factor y 107°
gains are computed as follows:
19 0 32 0 -1.9 0
K = 10°
0 19 0 32 0 —-1.9
—-3.2 0.0018
Ki =103 (20)
—0.0018 3.2

A. Stability Analysis

To evaluate the robustness and stability of the proposed LQT
inner loop controller, a set of analysis is done, which is also
compared with the conventional dual inner loops based on
the PR controller. To investigate the system stability and its
robustness against output impedance uncertainties for both the
LQT and conventional PR controllers, sensitivity analyses on
the closed-loop system are done. Fig. 6 shows the eigenvalues
traces for different output filter inductances, such that the 3-D
presentations show detailed changes of the eigenvalues near the
imaginary axis. As can be observed from Fig. 6(a), the possible
range to avoid the passivity and resonance concerns for the
conventional PR is determined based on the right half-plane
eigenvalues; where the eigenvalue trace shows that the PR-based
inner loop instability for the output filter inductance is more than
2.33 mH. However, the LQT controller shows a more robust
behavior, such that for the output filter inductance near 5 mH,
the system still keeps its stability.

Besides the stated robustness features of the proposed method,
its superiority for increasing the controller’s BW is revealed
in Fig. 7, where the Bode magnitude plots of both the con-
ventional PR-based and the LQT controllers are shown. From
this figure, one can see that the BW in the proposed method is
approximately 12.5 times more than the conventional method,
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Fig. 6. Eigenvalues sensitivity analysis for variations in the output filter’s
inductance, when it changes from 0.1 mH (in blue color) to 5 mH (in red color).
(a) The conventional PR-based dual inner loops. (b) The optimal LQT.
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Fig. 7. Bode magnitude plots of the proposed and traditional controllers.

which shows its applicability in high BW applications. The
transfer function of the system under the proposed LQT con-
troller is C(SIg - ACI)’1]~3, where C = [C 0242] and Ay =
A —-BIK! KIT.

B. Simulation Results

Scenario I. Load change: A common load change and a
comparison with the conventional dual inner loop based on the
PR controller are considered in this scenario. The load increases



BATMANI et al.: OPTIMAL INTEGRATED INNER CONTROLLER DESIGN IN AC MICROGRIDS 10379

Conventional PR Conventional PR Conventional PR
08 (/) \ =5 ~ 099
= —_— 2 o9 E
2 06f Rise Time: 5 = 098
5 o4t = —1I8| (02507 § o g’ 097
H N b b E s Vogu1
= 02 : 2 3 - = 094 Yocuz
Q — Q& —Q o4 Vogus
0 0s 1 15 2 25 3 05 1 15 2 25 05 15 2 25
Time (s) Time (s) Time (s)
Proposed LQT Proposed LQT Proposed LQT

Currents (pu)

Voltage (pu)
§ &

Power (pu)

15
Time (s)

(b) (c)

15
Time (s)

Fig. 8. Comparison between the PR controller (top plots) and the proposed LQT controller (bottom plots) for the load change. (a) Active and reactive power

sharings. (b) RMS current waveforms. (c) RMS voltage waveforms.

Proposed LQT

85 o 0 oss _0s o 07 o7 08
Time (5)

1

o 1(0.5 pau. voltage sag)
3
=l -
%0 v
> | THD = 15.06

Mge8  o0a o5  os1 02 0s  os 0SS 348 049 05 051 05z 053 054 055

Time (s) Time (s)
i fond H . -
= 3
2 o So
s 0.5 pu. voltage sag =
o o

T os
S
fa -
| THD =7.53 %
B 48 049 s 051 052 053 054 055 . 48 049 05 051 052 053 054 055
Time (s) Time (s)
"
!
) I -
& 5 Zog
S 0.5 pu. voltage &
. . ; i
.
T NI M e R TS
Time (s) T

i om0 us 0 om0 om w %4 oss 05 o 06 o0& 07 om 08
Time (s) Time (s)

(b)

Fig. 9. Comparison of the current limiting capability between the LQT and FS-MPC techniques. (a) Voltage waveforms in the abc frame (top-left), current
waveforms in the abc frame (top-right), their zooms in illustration as well as the RMS values for the LQT controller. (b) Voltage waveforms in the abc frame
(top-left), current waveforms in the abc frame (top-right), their zooms in illustration (middle) as well as the RMS values (bottom) for the FS-MPC.

Grid Cnnnecte? Islanded Mode Grid Connected Islanded Mode , N Grid Connecled‘h; Islanded Mode
z | = T M R M
B A P
(a) (b) (c)
. rid Connected Islanded Mode l'(‘;n’dConnectec’} Islanded Mode .GridConnected Islanded Mode
7" S BB 14 —_—
N i .l;mwm\mwhm.\mm\mlnihi\m\u\;n.ln!mh;hn.lu\m\ﬂ),n,\n\ ) e
—q —Q&—0 . Load Increasing o
0 01 0.2 03 Tin(-::(s] 05 0.6 0.7 08 o 0.1 0.2 03 Tinl:.:[s) 05 0.6 0.7 08 0 0.1 0.2 03 Ti:.:e © 05 0.6 0.7 08
(d) (e) ()

Fig. 10. Performance assessment for transition from the grid connected to the islanded mode of operation using the proposed LQT-based inner loop. (a) MG
frequency. (b) The abc frame voltage waveforms of DGU 1 in pu. (c) RMS values of the voltage of all the DGUs. (d) Active and reactive powers in pu. (e) The abc
frame current waveforms of DGU 1 in pu. (f) RMS values of the current of all the DGUs.

att=1s, and it reduces at t =2 s. Fig. 8(a) shows the active and
reactive power sharings for the studied MG. In comparison with
the PR controller, the LQT provides a better dynamic for passing
the transients after the load changes. The same superiority can
be observed from Fig. 8(b) and (c), where the RMS current

and RMS voltage of DGUs are depicted, respectively. In order
to indicate some quantitative analysis, the closed-loop transfer
functions from the reference voltage to the output voltage for
the controllers are calculated. The rise time and settling time
of the PR controller are 0.2907 and 0.4371 s, respectively (see
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TABLE II
THD COMPARISON FOR DIFFERENT VOLTAGE SAG LEVELS DURING
OVERLOAD CONDITIONS

Voltage Sag (VS) | 0.0 % VS 10 % VS 20 % VS | 50 % VS
Conventional PR 2.53 7.74 11.05 21.22

FS-MPC 1.73 % 5.96 % 991 % 15.06 %
Proposed LQT 1.64 % 2.18 % 548 % 7.53 %

Fig. 8). While these indices for the LQT are 0.1357 and 0.1904 s,
respectively; and therefore, the proposed LQT outperforms the
conventional PR controller.

Scenario II. Current saturation capability: As mentioned
earlier, one of the main important features which an inner
controller must have is its ability to limit the converter current
for a safe operation. As shown in Fig. 9(a), the designed con-
troller properly limits the over-current. At ¢ =0.5 s, after a load
increasing, the output current is limited to 1 pu; however, the
load increasing causes a considerable voltage drop. The same
waveforms can be achieved even for short circuit faults, where
the voltage is reduced more, while the current is still limited to
1 pu. The same scenario is implemented while the inner loop
controller is incorporated by an FS-MPC for a comparison,
as shown in Fig. 9(b). The load is increased at t=0.5 s and
decreased again at £=0.7 s, and the current is limited by the
employed constrained in the FS-MPC’s objective function, as
formulated and described in [19]. The most important differ-
ence between these two controllers for the current limiting
is concealed in their limitation procedures. In the FS-MPC,
the current limitation is imposed on the sinusoidal waveforms,
such that the FS-MPC cuts the over-current after generating the
sinusoidal waveforms, which leads to a considerable distortion
in the current sinusoidal waveform; and consequently, the volt-
age waveforms are distorted as well. While in the proposed
method, the limitation is imposed on the amplitude; and then, the
sinusoidal waveforms are generated. This leads to less distortion
in the current and voltage waveforms, as can be observed from
the zoomed subplots in Fig. 9(a) and (b). Table II shows a
quantitative comparison among the conventional PR, FS-MPC,
and LQT as inner loops, when there are different voltage sags
and the converter has to supply 15% overload. The LQT has the
lowest output-voltage THD under a wide range of voltage sags.
The output-voltage THD of the LQT controller indicates that it
has the least sensitivity (i.e., stronger robustness) to voltage sags
during the overload conditions.

Scenario Ill. MG Mode Transition: In this scenario, the perfor-
mance of the proposed method is investigated by considering a
smooth transient during mode changes from the grid-connected
to the islanded mode of operation. As shown in all the subplots
of Fig. 10, the MG operates in the grid-connected mode over
the time interval ¢ € [0 0.2] s and intentionally disconnects from
the grid at t=0.2 s. For t €[00.2] s, the voltage and frequency
of the MG are fixed by the grid (since the MG is operated
by the grid-connected mode), as shown in Fig. 10(a) and (c),
respectively. Meanwhile, there are active and reactive power
injections toward the main grid for t€[00.2] s, as shown in
Fig. 10(d) and can also be inferred from the current waveforms
in Fig. 10(e) and (f). After disconnecting from the main grid
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zoom-in illustration.

at t=0.2 s, the system is governed by the droop controller and
only feeds the MG loads. In addition, the voltage and frequency
stability are still kept by the LQT, which these can be inferred
even after a load change over ¢t € [0.2 0.8] s. During the islanding
mode, i.e., t € [0.6 0.8] s, the frequency and voltage are governed
by the droop layer; and thus, the frequency and RMS voltages
are reduced from the nominal values to the generated set-points
by the droop layer, as shown in Fig. 10(a) and (c), respectively.
In addition to active and reactive power waveforms shown in
Fig. 10(d), the performance of the LQT, can be seen from the
abc frame voltage waveforms of the DGU 1, the RMS voltage
of all the DGUs, the abc frame current waveforms of the DGU
1, and the RMS current of all the DGUs shown in Fig. 10(b), (c),
(e), and (f), correspondingly. The performance of the proposed
inner loop shows a smooth transition from the grid-connected to
the islanded mode of operation, even for load changes att = 0.5
s after disconnecting form the grid.

C. Experimental Results

Experiments are performed on a lab-scale MG, as shown in
Fig. 11, which includes three 2.2 kVA droop-based VSCs. The
VSCs are supplied by a Regatron dc power source and convert
the dc power into a symmetric three-phase ac voltage. The power
conversion is realized by coding the proposed method on a DS
1006 dSPACE control interface to generate a 10 kHz switching
frequency for triggering the VSC’s IGBTs, while the VCSs use
the LCL filters to reduce the switching harmonics and notches.
To model the line impedance, which connects the units, series RL
circuits are employed. All the electrical and control parameters
of the system are listed in Table I.

Scenario 1. Load Change: This case proposes the experi-
mented results dealing with a load change, shown in Fig. 12.
The active and reactive power sharings among all the DGUs,
frequency, RMS values of the current and voltage of all the
DGUs are shown in Fig. 12(a)—(d), correspondingly. At the
beginning, a resistive load is connected as a common load,
and 0.2 pu of its active power are fed by each unit, where
the frequency and voltages are around 49.95 Hz and 0.975 pu,
respectively. Then, after a load increasing at t=0.4 s, each
DGU supplies 0.8 + 70.6 pu active and reactive powers, and the

(d

uring overload conditions. (a) Active and reactive powers of all the DGUs. (b)
s zoom-in illustration. (d) Voltage waveforms of DGUj in the abc fram and its

power is still properly shared among the units. The frequency
of the units is stabilized around 49.9 Hz, and the voltage of
units are dropped around 0.925 pu. Fig. 12 shows that the
proposed LQT-based method successfully keeps the stability of
the MG, and the power sharing is remained properly during load
changes.

Scenario II. Current Restricting: The ability of the LQT
controller to restrict the converter currents during overload sit-
uations is experimented in this scenario. The power sharing and
frequency waveforms of all the units are shown in Fig. 13(a) and
(b), respectively. The abc frame voltage and current waveforms
of the first DGU are presented in Fig. 13(c) and (d), respectively.
During the overload or faulty conditions, the voltage can drop
based on the severity of the fault or the amount of the overload.
According to Fig. 13, the output current is correctly limited to
1.0 pu by increasing a common load, and the voltage is dropped
around 0.6 pu.

VI. CONCLUSION

Unlike conventional dual inner loops for the VSCs in an
MG, this article proposed an optimal LQT, which satisfied inner
loop control requirements of the VSCs to operate safety in both
the grid-connected and islanded modes. Traditionally, the inner
controller of the VSCs has a cascade structure consists of a
voltage controller and a current controller; where usually, a PI
or PR controller is designed for them. In addition to low BW
challenges of the conventional controllers, parameter tuning
of these controllers makes it difficult to achieve the desired
performance. In this article, to attain the optimal performance
and establish a systematic design of an inner loop controller, an
integrated structure was proposed based on the LQT method.
In comparison with the conventional PI and PR solutions, the
controller’s high BW feature discriminates the proposed solution
in high BW applications. Moreover, its simple yet effective
current limitation capability provides a safe operation of the
VSCs during overloads and in faulty situations. The merits of
the proposed method, including its optimality and robust stabil-
ity, were verified through several simulation and experimental
studies.
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