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VOLTAGE REGULATION IN STAND-ALONE MICROGRIDS WITH STORAGE UNITS :
A MULTI-VARIABLE H,, CONTROL APPROACH

Quang Linh LAM

ABSTRACT

This study presents a multi-variable robust control
scheme for voltage regulation in a diesel-photovoltaic
(PV)-supercapacitor hybrid power generation system
operating in stand-alone mode. By applying H, control
theory, an H-based voltage controller is proposed to
robustly force the voltage magnitude of a point of
common coupling (PCC) such as to satisfy dynamic
specifications. A cascaded two-level control structure,
where this controller is considered like an upper control
level and provides references to classical Pl-based
current tracking controllers placed on a lower control
level, is developed. The specific engineering demands of
microgrid (MG) operation are cast into an H,, control
formalism. d voltage robust

is demonstrated through a series of
closed-loop time-domain simulations carried out in
MATLAB®/Simulink®.

INTRODUCTION

MGs concept is gaining high momentum as a major,
cost-effective solution to integrate distributed energy
resources (DERs) into power networks [1]. Moreover,
the distinctive autonomous operational capability of
MGs has brought in higher reliability measures in
supplying power demands when the utility grid is not
available. However, in autonomous operation mode,
MGs stability and control issues due to low inertia and
unpredictable nature of DERs are among the main
challenges [2]. Thus, it is compulsory to maintain
frequency and voltage deviations within their predefined
range in this operation mode. The arrival of distributed
generation (DG) units and high-frequency energy
storage systems (ESSs) — e.g., lithium-ion batteries,
flywheels, or supercapacitors — have led to new grid
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topologies, needing more complex robust control
structures for handling numerous constraints such as
unpredicted disturbances and model uncertainties.

Several studies on voltage robust control techniques of
islanded MGs have already been conducted in the
literature. In [3], an integrated control strategy
composed of an outer H, voltage controller, an inner
filter inductor current feedback controller, and a virtual
resistance compensator has been proposed for an MG
with a power-factor correction capacitor connected at
the PCC. Authors in [4] have introduced a robust
system-oriented  control  approach for voltage
performance improvement and suppression of typical
interaction dynamics in DG converter-based MGs.
Similarly, the authors have proposed in [5] a direct
single-loop -synthesis voltage control scheme for
suppression of multiple resonances caused by power-
factor correction capacitors and residential capacitive
loads in DG MGs. Another interesting approach can be
found in [6], where a novel cascaded-loop strategy
comprising a sliding-mode-control-based inner current
loop and a mixed-H,/H,-control-based outer voltage
loop for the control of a grid-forming inverter has been
proposed.

This study addresses the voltage regulation issue of
islanded MGs with high penetration of renewable
energy by making use of energy storage devices. In [7],
for sharing the reactive power demand among
generation sources and fast-acting ESSs during the
islanded mode of MGs operation, a

strategy has been proposed. The PCC voltage magnitude
can be regulated at the rated value by an adequate
reactive-power-balance matching process, provided that
the available capacity of the ESSs does not exceed their
limitations. An H,-based multi-variable robust
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Fig. 1. Schematic diagram of the considered MG.
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controller for PCC voltage magnitude regulation that
copes with load reactive power variations in a diesel-
PV-supercapacitor hybrid power generation system
operating in stand-alone mode is proposed in this paper.
A two-level control architecture, where this controller is
considered like an upper control level and generates
references to current controllers placed on a lower level,
is proposed. Then, the performance and robustness of
the proposed controller in the presence of various load
disturbances are studied based on
MATLAB®/Simulink®™ time-domain simulations.

The remainder of this paper is structured as follows.
Section 2 describes MG structure and dynamic
specifications. Dynamic modeling for H, control is
provided in Section 3. Section 4 is dedicated to a robust
design approach for voltage control along with some
closed-loop time-domain simulations performed in the
rated operating point. Some concluding remarks and
future work are drawn in Section 5.

MICROGRID STRUCTURE AND DYNAMIC
SPECIFICATIONS

Microgrid structure

This paper focuses on an islanded MG composed of a
diesel engine generator, a PV unit, and a supercapacitor-
based ESS. The studied MG setup is shown in Fig. 1,
where power sources are connected in parallel to a PCC
and feed an aggregated static load. The diesel generator
is connected to the PCC via a three-phase step-up
transformer and a transmission line. The PV panel bank
is connected to the PCC through a power-electronic
conversion system and a three-phase step-up
transformer, which only allows unidirectional power
flow; whereas the supercapacitor-based storage device
is connected to the PCC by means of a reversible
chopper — inverter and a three-phase step-up
transformer, which allows bidirectional power flow. A
three-phase  step-down transformer connects the
aggregated load to the PCC.

Dynamic specifications

In the literature, properly designed ESSs can be used to
stabilize stand-alone MGs and/or enhance the PCC
voltage transient response by absorbing or injecting
instantaneous ~ reactive  power  subsequent  to
disturbances. In the studied MG, a control strategy
where the ESS and the diesel generator have to fulfill
distinct roles in voltage control is proposed. Hence, the
ESS must act in high frequency by ensuring faster
recovery of the PCC line-to-line voltage magnitude
Upcc consequent to a load or PV output reactive power
variation, i.e., to improve its dynamic performances
(overshoot, response time, steady-state error). On the
basis of grid code requirements [8], a template for the
PCC line-to-line voltage magnitude deviation in
response to a load reactive power step disturbance is
defined in Fig. 2a. Another reasonable performance
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Fig. 2. Performance specification on (a) PCC line-to-line voltage
magnitude variation and (b) DC-bus voltage variation in response to a
load reactive power step disturbance in the time domain.

specification on the DC-bus voltage variation V. is
illustrated in Fig. 2b.

DYNAMIC MODELING FOR H,, CONTROL

In this work, dynamical equations and equivalent
averaged models of power-clectronic converters are
used to describe the behavior of the studied MG. By
linearizing these equations for a given equilibrium state,
a linear averaged model can be obtained. Let us denote
a per-unitized value by the underline, then the linear
averaged model of the considered MG in the state-space
form for the H, control synthesis can be written as

follows
Ax
Ay

AAX +BjAu + BAw
CAX + DyAu + DAw’ @

where
Ax =

T
[AVdC AVya AVyg AVpoca AVpccq Aleg leg Alyg A1gq] is

T
the state vector, Au = [Alsr T A1l AL | the control

input  vector, Aw = [Alloadd — Alpyg Mygaqq —

T
AIPVq] the disturbance input vector, and A_y =

T
[AVdC AVpcca AVPCCq| the measured output vector.

Matrices A, By, B, C, Dy, and D, depend on MG
parameters and the steady-state operating point.

H,, CONTROL DESIGN

Control design

The multi-variable H, control used in this work
provides a methodological framework for designing an
optimal and robust control subject to uncertainties of the
studied system. Inspired from the general control
configuration in [9], the control problem is cast into an
H,, formalism, as depicted in Fig. 3. The S/KS mixed-
sensitivity optimization must typically be solved with
the aim of rejecting disturbance due to the direct and
quadrature component variations of the load and PV
output currents [9]. This design method requires an
appropriate choice of weighting functions Wy, ((s) to
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Fig. 3. Control configuration in the so-called P — K form, where P
denotes the plant together with the weighting functions and K denotes
the H.,, controller.

formalize the disturbance rejection objective and
weighting functions W, (s) to translate the constraints
imposed to the control inputs.

The linear time-invariant weighting functions are
written as follows [9]

1 _ Stwpde
Wperf(s) s/Ms+wp (2)
1 Aystwpe ’

Wy (s) Stwpc/My

where their parameters are given in Table 1 and Table 2
(with  1/T,, and 1/T,_ 4q being Al and AL, inner
imposed closed-loop bandwidths, respectively).

Using the robust control toolbox in the MATLAB®™
software environment, the linear matrix inequalities
algorithm yields a solution after five iterations for a
multi-variable full-order H,, controller which has 15
states with a conditioning value of y = 160.87 and an
H,, norm = 40.71. This optimization quality allows the
synthesized H,, controller to ensure stable and robust
performance in case of a load step of 5% of [;44q, (i.€.,
—2.25 A) in the system, which is further proved.

Table 1: Weighting function parameters W, (s)

AV AVpcca AVpccq

0.2V, 0.8Vpcca, 80Vpccq,

y Ydce " PCCde JPccae
* 1 0.05|liogag,| | 0.05 |lipaaq, 0.05 {L1pqaq,

p Ydce Jpccde JPccae
® 1 0.05 Iipaaq,| | 0-05 |Lioaaq, 0.05 |l10aaq,
o 1/(407,,,,) | 1/(50T0,,,) | 1/(50Ts,,,)
(t;,, ~1.2s) | (t, ~15s) | (t,, ~155s)
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Table 2: Weighting function parameters W, (s)

AL Vi AL
Lsmae = Lse | Irdmax = Irde | |Lrgmay — Frge
Ma 1 005 loada, | 0.05 |loadg,| | 0.05 [Loadq,
A, 0.01M, 0.01M, 0.02M,
wpe | 1/(10m,) | 1/(107,,) | 1/(107,,,)

Effectiveness of the proposed voltage robust
control strategy

Based on the topological (switched) model, as well as
the nonlinear and linear averaged models, a series of
MATLAB®/Simulink® closed-loop  time-domain
simulations are performed to show the effectiveness of
the proposed control approach. Without loss of
generality, a load step change of + 5% of the quadrature
component of the load rated current [;444q, (i.e., — 2.25
A) at t =1 s is applied as a disturbance. This scenario
corresponds to a load step change of + 5% of the load
rated reactive power (i.e., +45 kVAr). The
supercapacitor voltage V., initially regarded as a time-
invariant parameter in the H, controller synthesis, is
considered now as a time-variant one, i.e., AV;. # 0 (its
dynamic equation V,, = f(Vi.,I;) being taken into
account in simulation).

Fig. 4 and Fig. 5a show a comparison of topological and
averaged modeling for the time-domain responses of the
PCC line-to-line voltage magnitude Upc- and the DC-
bus voltage V. respectively. A good concordance with
both of these models is proved, despite high-frequency
noise observed in the topological model. Hence, the
averaged models themselves are validated when
compared to the topological one. It can be observed
from Fig. 4 that the dynamic performance specification
imposed on Upcc in Fig. 2a is well respected. It should
be noted here that, since focus is on primary voltage
control only, the PCC voltage error cancellation cannot
be obtained, which means that the PCC voltage cannot
be brought back to its initial steady-state value after the
disturbance. It can be seen from Fig. Sa that the desired
time-domain performances of V. corresponding to the
tuning of the weighting function W, (s) are satisfied.
Hence, the designed H,, controller ensures the desired
performance specifications.

Fig. 5b, Fig. 6a, and Fig. 6b compare the time-domain
responses of the supercapacitor output current I; and the
direct and quadrature components of the inverter output
current I.4 and I.;, respectively, obtained with both
topological and averaged models. The results show a
good agreement between these models, except for high-
frequency noise observed in the topological model.
Therefore, the averaged models precisely represent the
dynamics of the ESS in that frequency bandwidth that is
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interesting for control purposes. Moreover, it can be
seen that the admissible limit is guaranteed for these
currents, which means that their imposed dynamic
performance specifications are met.

CONCLUSION AND FUTURE WORK

In this paper, a voltage-control-oriented modeling has
been proposed for a diesel-PV-supercapacitor hybrid
power generation system operating in stand-alone mode.
Next, a voltage robust control design approach based on
a cascaded two-level control structure — where classical
Pl-based current tracking controllers are placed on the
low control level and receive references from an H,-
control-based upper level — is developed in order to
satisfy the required dynamic specifications. Through a
series of MATLAB®/Simulink® closed-loop time-
domain simulations in the presence of various load
reactive power disturbances, the designed H,, controller
is demonstrated to be able to ensure the desired
performance specifications of the PCC voltage
magnitude with respect to the choice of weighting
functions W,e,.¢(s) and W, (s).
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Fig. 4. (a) Time-domain response of the PCC line-to-line voltage
magnitude Up¢: under a small load step disturbance of + 5% of the
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Fig. 5. Time-domain responses of (a) the DC-bus voltage V. and (b)
the supercapacitor output current I; under a small load step
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Fig. 6. Time-domain responses of (a) the d-component I,.; and (b) the
q-component ., of the inverter output current under a small load step
disturbance of + 5% of the load rated reactive power (+45 kVAr)
with respect to the rated operating point.
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Future work can concern a robustness analysis of the
designed H,, controller subject to the variations of the
supercapacitor state of charge and the transmission line
length [ connecting the diesel engine generator to the
PCC. Practical validation of the proposed voltage robust
control strategy on a real-time test bench is also
envisaged.
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