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ABSTRACT – In this paper, a robust H∞ control strategy for
frequency regulation is proposed in isolated microgrids (MGs)
composed of diesel engine generators, photovoltaic (PV) sources,
and storage units. First, the linear matrix inequalities (LMI)
method is adopted to design a multi-variable H∞ controller
which ensures given specifications. In a second step, uncertain-
ties in the storage device state of charge (SoC) are considered
and a sensitivity analysis is carried out in order to determine
the maximum variation range of SoC for which the dynamic
performances are respected. The controller’s robustness and
performance in the presence of various load disturbances, PV
output power variations, and the SoC uncertainty are validated
through a series of nonlinear time-domain simulations performed
with MATLAB R©/Simulink R©.

Keywords – Microgrids, frequency control, robust control, multi-
variable control, uncertainty, sensitivity analysis.

1. INTRODUCTION

MGs emerge as a major, cost-effective solution for the in-
tegration of Distributed Energy Resources (DERs) into power
systems, as they offer enhanced global reliability, higher energy
efficiency, and various environmental and economic advantages
[1]. MG stability and control issues are however among the main
challenges, especially during islanded mode due to low inertia,
uncertainties, and intermittent nature of DERs [2]. Maintaining
frequency and voltage deviations within their predefined range
is critical in autonomous operation mode. High-speed storage
systems – e.g., lithium-ion batteries, flywheels or supercapaci-
tors – have thus become necessary, leading to new grid confi-
gurations, for which more complex robust control structures are
needed for dealing with multiple constraints such as unexpected
disturbances and model uncertainties.
H∞ control theory applied to frequency regulation has attrac-

ted the attention of many researchers for several reasons. First,
many control objectives such as disturbance attenuation, robust
stabilization of uncertain systems or shaping of the open-loop
response can be handled by H∞– and µ–synthesis techniques
[3]. Then, the solution found is optimal with respect to a de-
fined criterion, which means that if no solution to the control
objectives is found, then no solution exists. Finally, sensitivity
and robustness analysis to model uncertainties can possibly be
associated withH∞ and µ–synthesis controls.

Some studies on robust control techniques for various MGs
have already been conducted. In [4], H∞-based droop fre-
quency control is given. System trade-offs are optimized ; ho-
wever, robustness to model uncertainties is not considered.H∞

control with loop shaping and H∞-based droop control for
improving frequency deviation are presented in [5], but only
controller sensitivity to parameter uncertainties is analyzed.
Parameter uncertainties are considered in designing H∞ and
µ–synthesis controls for the voltage direct single-loop in [6].
ConventionalH∞-based and µminimization approaches for the
direct single-loop current control scheme are also adopted in
[7]. Multi-variable H∞ control is utilized in [8] to design ro-
bust controllers to system nonlinearities and load interactions.
[9] introduces a µ–synthesis robust control method for a grid-
tied PV generation system taking parameter variations into ac-
count. In [10],H∞ and µ–synthesis robust controls under para-
metric uncertainties for improving secondary frequency control
performance are applied.

Our work focuses on the frequency stability problem of MGs
with high penetration of renewable energy. Frequency deviation
can be considerably reduced by using relatively small storage
units, provided that saturation conditions are avoided, by dyna-
mically coordinating storage with other generation sources [11].
This paper proposes a multi-variable H∞ robust controller for
primary frequency regulation that copes with load transients, PV
output power variations, and model uncertainties. A sensitivity
analysis is then conducted according to system parameters.

The remainder of this paper is structured as follows. Section
2 introduces the studied MG setup. Section 3 is devoted to the
proposed control methodology. Dynamic specifications are pre-
sented in Section 4. Section 5 provides system modeling forH∞
control. The detailed process of designing the H∞ controller,
along with some nonlinear time-domain simulations with res-
pect to the rated operating point, are described in Section 6. Sec-
tion 7 details the sensitivity analysis of robust performance of
theH∞ controller when the supercapacitor voltage vsc – which
is an image of its SoCsc – is considered a time-variant para-
meter ; the controller robustness is then demonstrated through a
series of nonlinear time-domain simulations. Some concluding
remarks and future work are drawn in Section 8.

2. MICROGRID STRUCTURE

This paper focuses on an islanded MG constituted by a die-
sel engine generator, a PV source and a supercapacitor-based
energy storage unit. The studied MG setup is illustrated in Fig.
1 [12], where power sources are connected in parallel to a point
of common coupling (PCC) and feed a common load. The PV
panel bank is connected to the PCC through a chopper – inverter
without reversibility allowing only unidirectional power flow,
whereas the supercapacitor-based storage device is connected
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Fig. 2. Proposed control methodology.

to the PCC and controlled by means of a reversible chopper –
inverter, which allows charging or discharging.

3. PROPOSED CONTROL METHODOLOGY

In order to reduce the time spent for control design, a genera-
lized methodology taking the controller robustness into account
is used. Then, it allows minimizing the number of back and forth
steps in the design process. This methodology is resumed in Fig.
2 and can be divided into four steps which are detailed below :

— First, performances and robustness levels are specified by
the designer according to standards ;

— Afterwards, dynamical equations and equivalent averaged
models of power-electronic converters are used to des-
cribe the behavior of an electrical system. By linearizing
these equations for a given equilibrium state a linear state-
space model can be obtained ;

— In order to respect performances, a control architecture
is then designed for nominal values using H∞ control.
Control objectives are introduced using weighting func-
tions over particular closed-loop transfer functions [13].
An extended model including these weighting functions is
then obtained. An optimal controller can now be compu-
ted using control tools in the MATLAB R© software envi-
ronment. A multi-variableH∞ controller is obtained until
all desired control objectives are satisfied. For control va-
lidation, closed-loop time-domain simulations using the
averaged models are convenient ;

— Finally, a sensitivity analysis is carried out to test the vali-
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dation for desiredH∞ controller robustness. If this is not
satisfied, the control objectives must be modified and the
step 3 is re-conducted.

4. DYNAMIC SPECIFICATIONS

In the literature, coordinated strategy of the energy storage
system and the diesel engine generator in primary frequency
control has been proposed in order to improve dynamic perfor-
mances (lower overshoot, faster response time, smaller steady-
state error) of the frequency fgrid in case of load power varia-
tions. Control design is performed for given frequency perfor-
mance requirements shown in Fig. 3(a) [12], [14]. Another rea-
sonable performance specifications on the DC-bus voltage vdc
are given in Fig. 3(b). Robustness specifications will be introdu-
ced later.

5. SYSTEM MODELING FORH∞ CONTROL

A cascaded two-level control structure (Fig. 4) – where clas-
sical PI-based current tracking controllers are placed on the low
control level and receive references from an H∞-control-based
upper level – is developed to ensure the previous dynamic spe-
cifications. The current control level is detailed in [12]. System
modeling forH∞ control loop is given in this Section.

A per-unitized linear averaged model of the storage system
together with its power-electronic converters, as well as a li-
near state-space representation of the considered MG around a
steady-state equilibrium point, for H∞ control loop design, are
presented. In this paper, the supercapacitor voltage vsc is regar-
ded as a time-invariant parameter (i.e., vsc = vsce or ∆vsc = 0)
inH∞ controller synthesis. Note that the supercapacitor voltage
depends in reality on the supercapacitor current ; a sensitivity
analysis considering variation of this parameter is presented in
Section 7. Hence, the resulting small-signal state-space model
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is given as follows{
∆ẋ = A∆x + B1∆u + B2∆w
∆y = C∆x + D1∆u + D2∆w , (1)

where the underline denotes per-unitized values. The state vec-
tor ∆x =

[
∆vdc ∆Pdiesel ∆fgrid

]T
consists of the DC-

bus voltage variation, the diesel engine generator power varia-

tion, and the frequency variation. ∆u =
[

∆irefs ∆irefrd

]T
is the control input vector composed of the storage device cur-
rent reference variation and the inverter output current reference
variation in d–axis. ∆w = ∆Pload − ∆PPV is the load and
PV output power variation, which represents the disturbance in-
put. ∆y =

[
∆vdc ∆fgrid

]T
is the measured output vector.

Matrices in (1) are given by

A =

 −
ωb

RdcCdc
0 0

0 − 1
Tdiesel

− 1
Tdieselsdiesel

0 1
2H −Dload

2H

 ,

B1 =


ωb

Cdc
αce − ωb

Cdc
βde

0 0
1

2H

(
vsce − 2Rscise

)
0

 , B2 =

 0
0
− 1

2H

 ,
C =

[
1 0 0
0 0 1

]
, D1 =

[
0 0
0 0

]
, D2 =

[
0
0

]
,

where sdiesel is the droop value, Tdiesel denotes the time
constant of the diesel engine generator. αc is the average value
of the chopper duty ratio, βd is the average value of the inver-
ter switching function in d–axis. H is the MG equivalent inertia
constant. Dload is the load damping constant. Subscript e indi-
cates the steady-state equilibrium point. Steady-state real-unit

Table 1. Steady-state real-unit values of the linearized system

Variable vsce vdce vrde vrqe ise

Value 585 V 1000 V 400 V 0 V −2.5 A

Variable irde irqe αce βde βqe

Value −18.7 A 0 A 0.585 0.4 −0.0027

Variable Pdiesele PPVe Ploade fgride ωgride

Value
1.0015 0.2 1.2 50 100π

MW MW MW Hz rad/s

values are given in Table 1. Note that the vsce value chosen for
H∞ control design corresponds here to the range middle bet-
ween the minimum and maximum supercapacitor voltages. In
this case, vsce = 585 V, where 390 V (SoCsc = 25%) is taken
as the minimum and 780 V (SoCsc = 100%) is the maximum
values of vsc.

6. H∞ CONTROL DESIGN

6.1. Control design

The design of a multi-variable H∞ controller for the system
(1) is cast into the formalism in Fig. 5, where weighting func-
tions Wperf (s) are chosen to guarantee the performance objec-
tives. The practical implementation constraints imposed to the
control inputs are dealt with by choosing weighting functions
Wu (s).

The linear time-invariant (LTI) weighting functions, used for
a S/KS mixed-sensitivity optimization process to reject distur-
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Table 2. Weighting function parameters Wperf (s)

Wperf1 (s) for ∆vdc Wperf2 (s) for ∆fgrid

Ms
0.02vdce

0.05Ploade
= 1.667

(50.12−50)/fb
0.05Ploade

= 0.08

Aε
0.01vdce

0.05Ploade
= 0.833

(50.06−50)/fb
0.05Ploade

= 0.04

ωb
1
/(

40T0rdq

)
= 2.61 rad/s 1

/(
20T0rdq

)
= 5.22 rad/s

(response time tr1 ≈ 1.2 s) (response time tr2 ≈ 0.6 s)

bance due to the load power variation, are written as follows
1

Wperf (s)
= s+ωbAε

s/Ms+ωb
, 1
Wu2

(s)
=

Au2
s+ωbc2

s+ωbc2/Mu2

1
Wu1

(s)
= Au1

(
Mu1
ωbc11

s+1

)(
Au1
ωbc12

s+1

)
(

Au1
ωbc11

s+1

)(
Mu1
ωbc12

s+1

) , ωbc11
Au1

<
ωbc12
Mu1

. (2)

The DC-bus voltage variation ∆vdc and the frequency varia-
tion ∆fgrid are bounded by first-order weighting functions
Wperf (s). The function 1/Wperf (s) can be representative of
time-domain response specifications, where the high-frequency
gain Ms has an influence on the system overshoot, the cut-
off frequency ωb tunes the desired response time and the low-
frequency gain Aε allows limiting the steady-state error. That
makes equivalences between desired time-domain performances
and frequency-domain specifications (Fig. 6). The active power
injection or absorption of the storage system is controlled via
is. Thus, the storage device current reference variation ∆irefs is
bounded by a band-pass weighting function Wu1

(s). The DC-
bus voltage is regulated via ird. The inverter output current re-
ference variation in d–axis ∆irefrd is bounded by the first-order
weighting function Wu2 (s). Frequency-domain specifications
on these current reference variations are presented in Fig. 7.
The parameters of the weighting functions are given in Table 2
and Table 3, where 1

/
T0rdq

is the ∆ird inner closed-loop band-
width.

The LMI algorithm under the MATLAB R© software environ-
ment yields a solution after one iteration for a multi-variable
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full-orderH∞ controller which has 8 states with a conditioning
value of γ = 1301.27 and anH∞ norm = 3.48.

For the studied system shown in Fig. 5, sensitivity func-
tions S1 (s), S2 (s) and complementary sensitivity functions
KS1 (s), KS2 (s) are defined by S1 (s) =

∆vdc(s)

∆Pload(s) , S2 (s) =
∆fgrid(s)

∆Pload(s)

KS1 (s) =
∆irefs (s)

∆Pload(s) , KS2 (s) =
∆irefrd (s)

∆Pload(s)

. (3)

The singular value plots of the MIMO sensitivity functions
S(s), complementary sensitivity functions KS(s), and corres-
ponding templates are shown in Fig. 8. Results show how the
shaping of H∞ performance is straightforward for the full-
order H∞ controller using the template weighting functions.
One can see that control performance weights imposed are well-
respected since the sensitivity functions are placed below the
corresponding templates regardless of the frequency value.

6.2. Time-domain simulation results

In order to validate the effectiveness of the proposed control
approach, MATLAB R©/Simulink R© time-domain simulations
are performed on the nonlinear averaged model. The impact of
PV output active power variations on the microgrid frequency
is analyzed with or without secondary control (Ki 6= 0 or
Ki = 0), where Ki denotes the inverse of the response time



Table 3. Weighting function parameters Wu (s)

Wu1 (s) for ∆irefs Wu2 (s) for ∆irefrd
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ωbc11
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= ωp = 3.04 rad/s 1/(100Tsi ) = 40 rad/s,

(ωbc11 = 2.93 rad/s) where Tsi = 1/fsi , fsi is
ωbc12
Mu1

= 60 rad/s the inverter switching

(ωbc12 = 577.2 rad/s) frequency
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of secondary control of the diesel engine generator. PV output
active power variations modeled with different ramp signals are
applied as disturbances. The PV output active power decreases
by 60 kW from PPVe

= 200 kW at t = 10 s to PPV = 140 kW
with different time durations ∆t such as 0 s (step signal), 5 s, 10
s, ..., 60 s as shown in Fig. 9(a). The supercapacitor voltage vsc,
initially considered a time-invariant parameter inH∞ controller
synthesis, is regarded now as a time-variant one, i.e., ∆vsc 6= 0
(its dynamic equation, i.e., ∆v̇sc = f

(
∆vsc,∆is

)
being taken

into account in the simulation model).
From Fig. 9(b) and Fig. 10(a) it can be observed that the

MG frequency desired time-domain performances are success-
fully achieved with respect to choice of the weighting function
Wperf2 (s). Compared with the case in which only the diesel
engine generator participates in primary frequency control, sto-
rage device participation has considerably improved the dyna-
mic performances (i.e., lower overshoot, faster response time,
smaller steady-state error) of the frequency. The system is also
always stable. Secondary control participation of the diesel en-
gine generator brings the frequency back to its nominal value
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Fig. 9. (a) Time-domain responses of PV output active power (b) MG
frequency time-domain responses fgrid and (c) DC-bus voltage time-domain
responses vdc under PV output active power disturbances of − 60 kW with
respect to the rated operating point.

of 50 Hz as shown in Fig. 10(a). Fig. 9(c) and Fig. 10(b) show
that the DC-bus voltage desired time-domain performances cor-
responding to tuning of the weighting function Wperf1 (s) are
satisfied. Hence, the synthesized H∞ controller guarantees the
desired performance specifications.

7. SENSITIVITY ANALYSIS

In this Section, the sensitivity analysis of robust performance
of the H∞ controller is considered to answer the question whe-
ther the closed-loop system remains robust or not (from a perfor-
mance point of view) to a given parametric uncertainty level in
the steady-state value of the supercapacitor voltage vsce around
its design value, 585 V.
SoCsc estimation is very important in determining the best

operating strategy of the energy storage system. SoCsc is ap-
proximated as the ratio between stored energyW ∗sc (Fig. 11) and
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Fig. 10. (a) MG frequency time-domain responses fgrid and (b) DC-bus voltage time-domain responses vdc under a PV output active power step disturbance of −
60 kW with respect to the rated operating point.

vs

is

Rsc

Csc vscpsc
R

Supplied power & energy
Ps
Ws

Supplied power & energy
Psc
Wsc

Stored energy
Wsc

*

Fig. 11. Supercapacitor electrical scheme.

maximum storable energy W ∗scmax
as follows (with the internal

resistances Rsc and Rscp being neglected)

SoCsc =
W ∗sc

W ∗scmax

=
1
2Cscv

2
sc

1
2Cscv2

scmax

=

(
vsc

vscmax

)2

, (4)

where vscmax
= 780 V is the maximum possible supercapacitor

voltage. In practice, SoCsc is maintained within the admissible
range of [25, 100] % to ensure reliable, efficient, and safe opera-
tion of the supercapacitor and prolong its lifespan. The limited
variation range, corroborated with (4), indicates that the vsc va-
lue must be controlled between 390 V and 780 V.
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obtained with 33.3% uncertainty in vsce ; and corresponding templates.
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Fig. 13. (a) MG frequency time-domain responses fgrid and (b) DC-bus voltage time-domain responses vdc under a PV output active power step disturbance of −
60 kW taking into account the uncertainty in vsce (or SoCsce ).

The sampled uncertain sensitivity functions S(s), comple-
mentary sensitivity functions KS(s) obtained with 33.3% un-
certainty in vsce around its design value, 585 V (i.e., SoCsce ∈
[25, 100] % or vsce ∈ [390, 780] V) and corresponding tem-
plates of the closed-loop system are presented in Fig. 12. It can
be observed that, irrespective of the parametric uncertainty in
vsce , these functions are well-located below the corresponding
weights, which means that the imposed overshoot performance
specifications are guaranteed.

MATLAB R©/Simulink R© time-domain simulations using the
nonlinear averaged model are carried out with a PV output ac-
tive power step disturbance of − 60 kW at t = 10 s. The su-
percapacitor voltage vsc, in the simulation model, appears as
a time-variant parameter (i.e., ∆vsc 6= 0). The initial value of
SoCsc is varied between 25% and 100% in simulation. As pre-
dicted by analyzing the sampled uncertain sensitivity functions
S(s), complementary sensitivity functions KS(s), and corres-
ponding templates in Fig. 12, as well as seen in Fig. 13(a) and
Fig. 13(b), the closed-loop control overshoot performances of
the frequency fgrid and the DC-bus voltage vdc are preser-
ved regardless of the initial value of SoCsc. Hence, the syn-
thesized H∞ controller is robust in performance to SoCsce ∈
[25, 100] % (or vsce ∈ [390, 780] V). The time-domain res-
ponses of the energy storage device current is and the inverter

output current in d–axis ird taking into account the uncertainty
in vsce are given in Fig. 14(a) and Fig. 14(b), respectively.

8. CONCLUSION AND FUTURE WORK

A complete time/frequency-domain analysis, including a
sensitivity analysis, has been performed for frequency robust
control in stand-alone MGs with PV sources. Simulation re-
sults show the effectiveness of the proposed control approach.
This points out that the synthesized H∞ controller remains ro-
bust in performance to the large uncertainty in the initial value
of SoCsc (in particular SoCsce ∈ [25, 100] %), which is quite
good for practical operation of the supercapacitor-based energy
storage system as long as the corresponding variations of the
supercapacitor current are considered admissible.

Future work can concern design of a robust control strategy
for PCC voltage regulation. Experimental tests for control vali-
dation on a real-time test bench are also envisaged.
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