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1Abstract—A supercapacitor storage system (SCSS) is used 

for improving the dynamic performances of a microgrid (MG) 
fed by a self-excited induction generator (SEIG), in the case of 
the direct start-up of an induction motor (IM) of comparable 
power. The primary control system contains a voltage source 
inverter (VSI) with a dump load (DL), to which the SCSS is 
added. The control strategy for the SCSS consists of injecting 
power into the VSI DC-link when, because of the overload 
created by the IM, the DC voltage decreases under the 
acceptable limit. Thus, the overall performance of the SEIG-
supplied MG is significantly improved. Simulations and 
experimental results accomplished on a laboratory-scale MG 
validate the effectiveness of the proposed control structure. 
 

Index Terms—microhydro power, generators, induction 
motors, supercapacitors, DC-DC power converters. 

I. INTRODUCTION 

Along with the increased penetration of microgrids 
(MGs), the major concern is to ensure their stable operation, 
mainly when operating in autonomous mode. In terms of 
transient stability, the presence of induction motors (IM) as 
loads is of significant importance [1], as mainly during 
faults such an MG can lose its stable operation even if the 
fault persists only during a typical clearing time [2]. Thus, 
several studies have been carried out to develop suitable 
models for analyzing the behavior of MGs supplying 
dynamic loads [3-7]. In [3], the influence of the IM rotor 
resistance value on the system performance is highlighted, 
the authors of [4, 5] have developed small-signal models for 
medium voltage MGs with dynamic loads, while in [6, 7], 
the induction motor equations were integrated to form a 
composite load model for stand-alone MGs.  

The IM starting process poses serious technical problems 
in islanded MGs, as the associated voltage sag and 
overcurrent may affect the stable operation. The authors of 
[8] have developed detailed small-signal models for a 
voltage-source inverter (VSI) MG, which, by using an active 
compensation technique, is supposed to ensure balancing of 
the MG. A correlation between the voltage drop and the 
starting current has been developed in [9], along with a 
modified control strategy of the photovoltaic-based inverters 
to improve the MG voltage profile. Other solutions to 
mitigate this problem rely on a dynamic voltage controller 
that manages the reactive power sources [10], or on a 
properly controlled voltage source converter [11]. A 

hierarchically control microgrid may use fuzzy logic control 
to mitigate the transients, among which the induction motor 
start-up [12]. In case of an islanded MG on which five 
induction motors have to be sequentially started, to ensure 
the stability, two exciter models for the synchronous 
generator (SG) have been used [13].   
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There are many studies that rely on energy storage 
systems to enhance MGs stable operation during dynamic 
operating modes. For example, a bank of batteries plus a 
power converter, under the form of a power coordinating 
system, is used to support an AC microgrid during faults and 
induction motors starting [14]. A similar situation is 
investigated in [15], the difference being that the battery 
bank is interfaced with the help of a DC-DC converter on 
the DC side of a PV inverter. The combination between 
electrochemical batteries and supercapacitors (SCs) is 
widely used for improving the transient performance of MG 
and also for reducing the unbalanced power consumption in 
battery in case of an AC microgrid [16]. This can also be 
used for smoothing the variations of renewable sources [17]. 
In a DC microgrid supplied by two small SGs interfaced 
through uncontrolled rectifiers, the SC substantially 
contributes to the MG stable operation when pulse loads are 
supplied [18]. The battery -supercapacitors combination also 
may ensure the power quality of a MG supplied solely by 
photovoltaic panels, for both variations of the irradiance and 
significant load steps [19]. Another MG, presented in [20], 
is subject to power sharing between two SC units in case of 
significant load variations, aimed at improving the 
redundancy and the life of the storage system. SCs alone are 
used to mitigate the diesel generator start-up in case of a DC 
microgrid [21], or to reduce load and source transients in a 
droop-controlled DC microgrid [22].    

The research on self-excited induction generators (SEIGs) 
feeding IMs can be divided into two main areas: without and 
with regulating power electronics devices. Related to the 
first category, the study of the autonomous operation of an 
IG supplying IM has started more than two decades ago 
[23], focused on ensuring sufficient capacitance to sustain 
the operation in steady-state and on analyzing the start-up 
process of different size IMs. The excitation capacitance 
was computed in order to maintain constant the SEIG output 
voltage when supplying IMs. The authors of [24] developed 
a mathematical approach towards predicting the dynamic 
performance of several parallel connected SEIGs feeding an 
IM load. An eigenvalue sensitivity analysis for determining 
the minimum required capacitance for such a topology was 
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the proposed approach. 
A comparative study on the influence of long and short-

shunt connections on the dynamic performance of an 
isolated SEIG with a suddenly connected IM has been 
accomplished in [25]; results have shown that the short-
shunt connection ensures a better voltage recovery. In [26], 
damping resistors across series capacitors were used to 
attenuate the starting transients of a short-shunt SEIG 
feeding an IM load. For the short-shunt configuration, the 
authors of [27] concluded that adding series capacitors 
ensures a successful IM starting and highlighted the 
presence of the subsynchronous resonance phenomenon due 
to large variations in the total load impedance for such a 
topology.  

In [28-30] the behavior of a 2 HP isolated SEIG driven by 
a small wind turbine and supplying a 0.5 HP IM has been 
studied. Simulations performed for two IM characteristics 
(i.e. constant and speed squared torque) have yielded that 
the constant torque profile causes a large voltage sag, both 
in terms of voltage drop and duration. Also, the presence of 
an additional capacitor in parallel with the motor improves 
the voltage profile and ensures a shorter starting time. A 
similar topology is investigated in [31], the obtained experi-
mental results showing very large output voltage and 
frequency variations for different excitation capacitance 
values and SEIG rotor speeds. An even more dramatic situa-
tion is the one investigated in [32], in which a 2.2 kW three-
phase SEIG supplies a 1 HP single-phase IM, for self-exci-
tation and phase balancing employing two series connected 
capacitors and one in parallel with the motor. Successful 
starting of the motor is achieved only when an additional 
damping resistance is connected in parallel with the capa-
citor from the middle phase of the SEIG.  

The MG performance issues raised by the IM start-up are 
well mitigated by using power electronics converters to 
ensure mainly the voltage balance. In the majority of cases, 
a transistor-based three-phase inverter is used, named Static 
Synchronous Compensator (SSC) [33, 34], Static Compen-
sator [35-37] or Voltage and Frequency Controller [38]. 
Thyristor-based converters are employed, under the form of 
a Thyristor Controller Reactor [39] or a Static VAR Com-
pensator [40]. Finally, an Electronic Load Controller 
consisting in a diode rectifier in series with a chopper and a 
dump load (DL) may be used to balance the system under 
dynamic load, this solution being the most efficient in terms 
of power quality, control flexibility and power density [41]. 

With respect to the literature, the transient process during 
by the IM start-up is usually assessed by simulations. The 
ratio between the IM power and the MG total power varies 
within wide limits. In [10], the start-up of a 100 kVA IM 
connected to an MG supplied by a 1 MVA synchronous 
generator and two 0.75 MVA wind turbines is investigated. 
The start-up of an IM whose power is half the converter 
power that supplies the MG is investigated through 
simulations in [11]. Experiments were accomplished in [8], 
where a small power IM start-up will produce the VSI 
tripping in normal operation, while the activation of a 
voltage-reference-based compensator will limit the voltage 
sag to 7.5% for about 0.6 s. A 1.1 kW IM is started on an 
80 kVA MG in [12], while in [13] 5 IMs rated from 450 HP 
to 1000 HP are sequentially started on a 7000 HP MG. 

In case of SEIGs based MGs, the transient process during 
the IM start-up is experimentally assessed only in two 
papers. In [35] the IM/IG power ratio is 20%. For an IM/IG 
ratio of 50%, a star-delta starting topology is used to limit 
three times the starting currents [38]. 

The relevance of the present work can be revealed by the 
need of investigating the MG performance in a more 
restrictive situation than the ones mentioned so far, more 
precisely when the power of the IM to be started is 
comparable with the MG one. In this case, for an MG 
supplied solely by a self-excited induction generator, an 
IM/SEIG active power ratio of 4/5 is considered. The main 
contribution of this study consists in enhancing the dynamic 
behavior during the IM direct-on-line start-up by adding to 
the MG control structure a short-term energy storage based 
on a SC deployed only during transient processes. As shown 
by both simulation and experimental results, in comparison 
with the conventional control method, the proposed solution 
allows a significant reduction of the voltage sag during the 
severe transient processes, for this high IM/SEIG ratio.  

After the Introduction, the paper is organized as follows: 
Chapter II details the studied MG configuration and its 
control, the simulation and experimental results are 
presented in Chapter III, Chapter IV discusses the obtained 
results with respect to other similar studies while Chapter V 
presents the main paper conclusions. 

II. MG CONFIGURATION AND CONTROL 

A. MG Configuration 

The studied MG relies on a squirrel-cage induction 
generator driven by a hydraulic turbine, excited by a 
capacitor bank (Cexc) and supplying static and dynamic 
loads, as shown in Fig. 1.  

 
Figure 1. SEIG-based MG structure 

 
For voltage and frequency control, a VSI, interfaced 

through a high-voltage DC link (Cdc) with a DL circuit is 
used. The DL is actually a resistor supplied trough a PWM 
controlled DC chopper. An LC filter ensures the VSI 
connection to the SEIG terminals. To improve the dynamic 
behavior during transients, a Super Capacitor Storage 
System (SCSS) was interfaced with the VSI DC-link 
through a bidirectional DC-DC converter. An uncontrolled 
micro hydro turbine was chosen; thus, considering that the 
output power of the generator is constant, the DL is used to 
manage the exceeding active power. At the IM direct 
starting a dynamic process occurs. The IM load is 
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considered of constant torque type. 
Excepting the generator start-up process, during which a 

controlled driving algorithm is implemented [42], the VSI 
operates with a fixed frequency reference, thus keeping the 
MG frequency constant. To keep the voltage at the rated 
value, the DL is controlled to dissipate the exceeding active 
power of the MG (actually the difference between the power 
produced by the IG and the one requested by the load). In 
order to support the MG during severe transients, the SCSS 
is controlled to inject power into the VSI DC-link during 
overloads when the DC-link voltage (VDC) decreases under a 
minimum threshold (as will be presented in Section C). 

B. Voltage and Frequency Control 

The DL and VSI control systems are presented in Fig. 2. 
For voltage regulation, two proportional-integrative (PI) 
controllers are employed, as illustrated in Fig. 2a. 

The first one (PI1) is the leading voltage regulator and is 
used to compensate the voltage drops across the inverter 
arms and filter, IG leakage impedances, and elements that 
contribute to the MG voltage decrease. The MG RMS line 
voltage (VMG) represents the feedback signal, being 
compared with a 400 V reference signal (VMG*). 

The resulting error serves as input to the first PI 
controller, which gives the reference for the DC-link voltage 
(VDC*), which is transmitted to the next controller. The 
second PI (i.e. PI2) maintains constant the voltage across the 
Cdc capacitor by controlling the power dissipated on DL. 
The measured DC voltage (VDC) is compared with the 
reference one (VDC*), and the resulting error is fed to PI2 
controller, which outputs the duty cycle of the PWM signal 
that controls the power dissipated on DL. 

 

 
(a) 

 
(b) 

Figure 2. The voltage and frequency control system: a) DL control, b) VSI 
control 

 

The VSI control loop, depicted in Fig. 2b, generates the 
control signals for the six VSI power transistors. As input 
signal it has the measured DC voltage (VDC), because it also 
has to handle the start-up process, which is initialized by a 
local energy source placed on the DC link in the form of 
either a low-voltage DC source, or by the SCSS pre-charged 
from a previous operation (this case is reserved for future 
studies). The start-up algorithm provides the reference 
frequency fref, which, after the IG speed and the VSI DC 
voltage reach the rated values, is set to 50 Hz where it 
remains during the IG normal operation. Details about the 
start-up process are presented in [42] and, therefore, not 
included in the current paper. However, an important remark 
is that during severe dynamic events (e.g., significant loads 
variations), the dramatic decrease of the DC-link voltage can 
trigger the start-up algorithm. Consequently, as revealed by 
the simulation and experimental results presented in Ch. III, 
the reference frequency fref is automatically modified ac-

cording to the DC link voltage sag. Note that the effect is 
rather helpful for the recovering of the MG parameters after 
an overload, as forcing the frequency to decrease will boost 
the power production of droop-controlled generators, in the 
case of multi-units MGs [43]. Moreover, due to the natural 
response of the hydro turbine-generator system, the reduc-
tion of the MG frequency causes the decreasing of the IG 
speed depending on the machine slip and loading, which 
releases a certain amount of power available for the IG due 
to the high inertia of the mechanical aggregate. Therefore, 
by using the same mechanism, the proposed control solution 
ensures both the IG starting-up and the frequency support 
during severe dynamic events. 

C. SC Control 

Fig. 3 shows the connection scheme of the SCSS to the 
VSI, where a non-isolated bidirectional DC-DC converter is 
used to transfer the power between the SC and DC-link. For 
the purpose of this paper, the SC is modelled as a simple RC 
network, with Csc being the rated capacitance and rsc the 
rated equivalent series resistance [44]. 

 

 
Figure 3. Connection scheme of the SC to the VSI DC-link 
 

Fig. 4 presents the control diagram of the SCSS based on 
a cascaded current-voltage topology. The inner current 
controller includes a PI structure with a voltage feed-
forward loop, as shown in Fig. 4a, providing at the output 
the duty cycle Dc of the PWM signals for the two transistors 
Tc1 and Tc2 shown in Fig. 3. The SC current reference (Isc

*) 
is provided by a DC voltage controller (PI3), which operates 
as described in the following. 

 

 
(a) 

 
(b) 

Figure 4. Control diagram of the SC converter: a) SC control; b) Limitation 
coefficients of SC current reference 

 

The main purpose of the SC is to provide support during 
severe dynamic events that can lead to large voltage sags in 
the MG, as the simulation and experimental results will 
show. Therefore, the SCSS is controlled to inject power into 

       53

[Downloaded from www.aece.ro on Thursday, September 25, 2025 at 09:25:24 (UTC) by 162.158.19.180. Redistribution subject to AECE license or copyright.]



Advances in Electrical and Computer Engineering                                                                      Volume 18, Number 2, 2018 

the VSI DC-link only when Vdc decreases under a certain 
value. For this purpose, the voltage controller shown in Fig. 
4a is configured to maintain the DC-link voltage to a preset 
threshold value (Vdcth

*), therefore maintaining the VSI 
capability to regulate the MG voltage, as described in 
Section B. The control scheme also includes a mechanism to 
ensure the SC charging during the periods in which the VSI 
operates in normal conditions (i.e. the VSI input power is 
high enough to maintain a stable DC-link voltage) and also 
to limit the charging/discharging current when the SC 
voltage reaches the maximum/minimum value.  

The voltage controller includes a dynamic saturation at the 
output that limits the reference current Isc

* to the upper and 

lower extremities  and , respectively, which are 

defined according to the SC maximum current (I

up
scI lo

scI

scM) as 
follows: 

  (1) 21 kkII scM
lo
sc 

  (2) 2kII scM
up
sc 

The saturation limits are calculated by using three subunit 
coefficients (i.e. k1, k2 and k3), which depend on the SC and 
DC-link voltages according to the diagrams presented in 
Fig. 4b. The first two coefficients are used to limit the 
charging and discharging current when the SC voltage 
reaches a maximum (VscM) or minimum (Vscm) value. In 
order to reduce the transients associated with the sudden 
decreasing of the SC charging/discharging current, the 
limitation is accomplished gradually starting from safe 
voltage thresholds (Vsc1 for k1 and Vsc2 for k2). The 
maximum SC voltage is considered equal to the SC rated 
voltage VscM =Vscr, while the minimum SC voltage Vscm 
mainly depends on the converter capabilities in terms of 
rated current and minimum duty cycle. Thus, the SC state-
of-charge (SOC) is maintained within normal operating 
limits, where SOC (expressed in p.u.) is calculated from the 
SC voltage and current by means of the following 
expression: 

 T
E rsc,

where: 

IV
TtSOCtSOC scsc 


 )()(  (3) 

T is the state-of-charge control sampling time; Vsc, 
Isc are the measured SC voltage and current, respectively; 
E

be

4b, where for the studied 
case Vdc1=600 V and Vdc2=650 V. 

D

o 
m

p over the time 
period Tp can be calculated as follows [45]: 

 

sc,r is the rated SC energy. 
The SC charging process starts only when the VSI 

maintains a minimum DC-link voltage (Vdc1) corresponding 
to the operating case with an excess of power absor d by 

the VSI. Therefore, the charging current limit ( lo
scI ) is 

modified according to the DC-link voltage by means of the 
coefficient k3, as shown in Fig. 

 

. Sizing the Supercapacitor 

The SC is sized according to the requirements of the 
proposed application and taking into account the practical 
limitations of commercially available SCs and bidirectional 
power converter. As mentioned previously, the SC is 
integrated within the SEIG control system to provide power 
support by injecting a certain amount of power to the VSI’s 
DC-link during overloads produced by an IM start-up. 

Therefore, the SC system operates with an equivalent 
constant-power load, where the parameters of the power 
pulse (i.e. magnitude Pp and duration Tp) were extracted 
from experimental measurements. The SC calculation 
implies determining the number of required cells mounted in 
series, several methods being addressed in literature mainly 
for electric vehicles and for microgrids [45-47]. Of these, 
the calculation procedure provided in [45] was found t

atch best the specific requirements of this application. 
Considering an ideal capacitor model (i.e. without 

equivalent series resistance), the minimum number of SC 
cells required to deliver the constant power P




 maxcellcell

where: C








2

2

2

2
2/

I

V

C

T

C

T
VPn cellpp

cellp  (4) 

ingle 

 be corrected as follows (with SOC0 expressed 
 per unit): 

 

cell, Vcell are the capacitance and voltage of a s
cell, respectively, and Imax is the maximum SC current. 

Depending on the used SC cell type, the two parameters 
Ccell, Vcell are known. Moreover, in order to increase the SC 
pack lifetime, the cell should operate at a slightly lower 
voltage than the rated value. Therefore, by considering the 
steady-state value of the SC state-of-charge (SOC0), the cell 
voltage has to
in

0SOCVV cellcell   (5) 

The maximum current I

'

the 
e

od Tp, 
results as solution of the following equations system: 

 

max is mainly determined by the 
current limit of the power converter that interfaces the SC 
with the VSI DC-link, as shown in Fig. 3. A higher value of 
Imax implies that the SC has to deliver more power in short 
periods of time and, therefore, a better utilization of the SC 
capacity is achieved. However, the power electronics would 
have to be oversized in order to carry the higher SC current. 
Therefore, the optimal value of Imax involves a tradeoff 
between the size of the power converter and the SC 
capacitance. For the application proposed in this paper, the 
voltage and current ratings of the bidirectional converter and 
VSI are considered similar; hence the IGBTs used in 
xperimental setup will provide Imax as the current limit. 
In applications with a relatively low current, the voltage 

drop of the SC’s equivalent series resistance can be 
neglected and (4) provides a good approximation of the 
number of cells. However, when high currents are involved, 
as in the case of the application presented in this paper, the 
effect of SC’s equivalent resistance has to be taken into 
account. Therefore, as detailed in [45], considering the cell’s 
series resistance (rcell) the minimum number of cells 
required to deliver the power pulse Pp in the time peri

scscC

pscsc
sc

sc

r

PrV
V

t

V

2

4

 d

d
2 

  (6) 

 cellsc VnV   (7) 

 cellsc rnr   (8) 

 
n

C
C cell

sc   (9) 
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llowing condition must be met 
en selecting the SC cell: 

 

To make sense, the part under square root of (6) must be 
positive and, therefore, the fo
wh

pscsc PrV 2  (10)

After solving (3) by a numerical

 

 method, the time varia-
tion of SC current ( Isc ) results as: 

 
scr2

Since the power must remain constant, the current will 
reach the maximum value at the end of the discharge time, 
when the voltage V

pscscsc
sc

PrtVtV
tI

4)()(
)(

2 
  (11) 

ements n until the current condition

sc is at minimum and, therefore, the cur-
rent Imax results from (11) for t = Tp. In order to limit the 
maximum current according to the IGBTs specifications, as 
previously mentioned, the minimum number of cells is 
calculated from (6)-(10) by means of an iterative algorithm, 

which incr  mpsc ITI )(
 is 

fu

the equivalent series resistance of rsc=0.94 Ω 
is considered. 

 A, were the same in simulations a
ex

f one cycle of the fundamental frequency 
(i.

a torque transducer, and supplied 

n [42] and, 
th

r to the SCSS system operation, 
as

uate the dynamic load 
in

rt-up on the initially loaded MG, 
w

g on 
an

 line-to-line 

frequency deviation (Δf), 

e voltage within the ±4 V band 

quency within the ±50 mHz 
band around f0 = 50 Hz; 

 

lfilled.  
Based on the above procedure, the SC pack was sized 

using a certain class of cells from the manufacturer [48], 
with the following specifications: Ccell = 100 F, Vcell=2.7 V, 
rcell=15 mΩ. The IGBTs of the bidirectional converter are 
sized to Imax=40 A. The power pulse parameters (Pp and Tp) 
to support the VSI during the direct start-up of the 
considered IM have been determined according to Pp=5 kW 
and Tp=0.1 s, for simulations and also for experiments. 
Applying the above-described SC sizing algorithm, the 
minimum number of cells results as n=63. Therefore, for 
simulations, an SC pack with the equivalent capacitance of 
Csc=1.6 F and 

III. SIMULATION AND EXPERIMENTAL RESULTS 

The proposed MG support during transients is 
investigated by means of computer simulations and 
experimental results. The simulations were accomplished in 
MATLAB/Simulink, while a laboratory test-bench, shown 
in Fig. 5 (block diagram) and Fig. 6 (illustration), was used 
for experiments. For consistency, the MG parameters, listed 
in Appendix  n  

around V
d

periments. 
The real-time control and data acquisition were 

implemented with the help of a dSPACE DS1103 board. 
The experimental results were acquired numerically using a 
graphical user interface developed in ControlDesk. The 
voltages and currents were measured using precision Hall-
effect transducers (LV25P for voltages and LA55P for 
currents), while the integrated 16-bit analog-to-digital con-
verters of the dSPACE DS1103 board provided high-accura-
cy signals to the control scheme. The frequency was mea-
sured by means of a three-phase phase-locked-loop (PLL), 
based on a synchronous reference frame transformation and 
amplitude normalization of the input voltages [49]. The 
RMS voltage was calculated using a standard block from 
Matlab/SimPowerSystem library, based on a running 
average window o

e. 50 Hz) [50]. 
In order to mimic the behavior of the primary energy 

source, a micro-hydro turbine emulator was used. It consists 
in a 7.5 kW induction motor (IM*), mechanically coupled 
with a 3.3 kW IG through 
by a frequency converter.  

The operation of the micro hydro turbine emulator relies 
on a control loop in which the input parameter is the (IM*) 
electromagnetic torque (Tm), while the output parameter is 
the motor reference speed (Ωref), which is provided by the 
dSPACE DS1103 interface through a digital to analogue 
(DAC) port. By imposing the (IM*) rotational speed, the 
motor-generator system is controlled to follow the 
mechanical characteristic of a micro-hydro turbine. Details 
about the start-up process are presented i

erefore, not included in the current paper. 
The IM is rated at 2.2 kW and its load is emulated by 

using a 2.2 kW induction generator (IG*), which is mechani-
cally coupled with the IM as shown in Fig. 5. IG* is excited 
by a 40 μF capacitor bank and supplies a three-phase 
balanced resistive load. The behavior of the SCSS system is 
replicated with the help of a voltage-controlled DC power 
source, which is connected on the VSI DC-link as shown in 
Fig. 5. The reference voltage for the DC power source is set 
to the threshold voltage Vdcth

*=580 V. Therefore, when Vdc 
decreases under this value the DC source starts regulating 
the DC-link voltage simila

 presented in Section C. 
Both simulations and experimental evaluations focus on 

two scenarios of interest to eval
fluence on the MG performance: 
Scenario 1) IM direct sta

ith and without support; 
Scenario 2) IM direct start-up and subsequent loadin
 initially non-loaded MG, with and without support. 
To assess the MG behavior during the above-mentioned 

situations, the simulation results and measurements for each 
experiment were used to calculate the following dynamic 
performance indices (where VMG and fMG are the
voltage and the frequency of MG, respectively): 
 voltage deviation (ΔV) and 

expressed by (12) and (13); 
 voltage settling time (tsV), calculated as the time 

required to settle th
0 = 400 V; 

 frequency settling time (tsf), calculated as the time 
required to settle the fre

1001[%]
0











V

V
V MG  (12) 

 1001[%]
0  f

Both sim








f
f MG  (13) 

ulation and experimental results are concentrated 

of 
th SCSS in supporting the MG during severe transients.  

 
 

in Table I. 

A. Simulation Results 

 Simulations were performed to test the effectiveness 
e 
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Figure 5. Block diagram of the laboratory MG 

 

a) b) 
Figure 6. MG laboratory illustration: a) control part, b) electromechanical 
part 

 
TABLE I. EVALUATION OF POWER QUALITY PARAMETERS 

 

 
Note: S and E stand for simulation and for experiment, respectively. 

 

Thus, for the first scenario, (IM was started-up, at t=1.3 s), 
the MG supplied an initial three-phase balanced resistive 
load of three values: C1.1=0%, C1.2=25% and C1.3=50% of 
the IG nominal power, respectively, the SCSS being initially 
disabled. 

The performance indices, listed in the first three rows of 
Table I, tended to worsen as the initial load ratio increases, 
both in terms of voltage and frequency deviation. More 
precisely, the voltage deviation varies from ΔV=32.5%, 
when there is no initial load, to ΔV=35.5% when the load is 
50% of the total available power. The same tendency 
persists when the SCSS is enabled, but the voltage sag is 
reduced to almost half, as well as the voltage settling time 
(tsV), which is in the range of 0.4-0.6 s. As for the MG 
frequency and implicitly for the IG rotor speed variation, the 
simulations demonstrate a similar trend, as without support 
the frequency deviation varies from Δf =14.8%, at no load to 
Δf =18.3%, at 50% load, while the frequency settling time is 
tsf=0.3 s. When the SCSS is enabled, the frequency sag is 
reduced 6 times, while the frequency settling time becomes 

tsf=0.2 s.  
Figs. 7 and 8 present the variations of the line voltage and 

frequency of the MG, respectively, for all investigated 
situations. As one can see, while without support the initial 
MG loading has a visible effect on the voltage recovery 
behavior, enabling the SCSS support leads to a substantial 
improvement in terms of both voltage variation and voltage 
load dependence. 

 

 

ΔV [%] tsV [s] Δf [%] tsf [s] 
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With 

support
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 [
%

] 

S E S E S E S E S E S E S E S E 

C1.1 32.521.6 17.0 18.0 0.6 0.5 0.4 0.4 14.8 10.7 1.6 2.5 0.2 0.3 0.2 0.3

C1.2 34.534.1 18.3 17.8 0.7 0.8 0.5 0.4 16.4 20.4 2.6 3.0 0.3 0.5 0.2 0.2

C1.3 35.534.8 19.8 18.6 0.8 1.2 0.6 0.4 18.3 24.4 3.8 3.4 0.3 0.9 0.2 0.2

C2 29.836.3 15.8 17.1 0.5 0.9 0.3 0.4 14.0 18.0 1.6 2.6 0.2 0.3 0.2 0.2

Figure 7. Voltage variation for scenario 1 

 
Next, when the IM is started at no-load and then loaded 

(scenario 2), the SCSS action reduces the voltage deviation 
from ΔV=29.8% to ΔV=15.8% and the voltage settling time 
from tsV=0.5 s to tsV=0.3 s. 

The frequency deviation is reduced from Δf =14% to Δf 
=1.6%. The MG line voltage and frequency variation are 
depicted in Fig. 9, while Fig. 10 shows the DC voltage and 
generator speed variations. It can be noticed that the DC 
voltage sag is reduced 2.5 times by the SCSS action. Also, 
the IG rotor speed (initially at around 1555 rpm) decreased 5 
times less when the SCSS was enabled, as shown in Fig. 10. 

 
Figure 8. Frequency variation for scenario1 
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Figure 9. Voltage and frequency variation for scenario 2 
 

 
Figure 10. DC Voltage and SEIG rotor speed variation for scenario 2 
 

Figs. 11 and 12 show the simulation results on the SC 
side, for the worst case (when the initial MG load is 50% of 
the nominal one). It can be observed that the SC injects 
power for approximately 0.09 s, during the overload created 
by the IM load connection. Within this interval, the voltage 
decreases from the initial value of 160 V to 121 V, while the 
injected maximum current is Imax=39 A, as results from Fig. 
11. The SC power has a peak of around 4.7 kW, yielding an 
injected energy of 423 Ws. The SC state-of-charge 
decreases from the initial value of SOC=90% to SOC= 
88.2%, as can be seen in Fig. 12. Right after the end of the 
transitory regime the SC slowly begins to charge from the 
VSI DC-link, as there is excess of power in the MG. After 
the upper SOC value is reached, according to the description 
from Section B of Chapter II, the SCSS remains connected 
without exchanging power with the VSI until a new event 
triggers the support of the DC-link voltage. One should 
observe that the SOC has an insignificant change of only 
2%, which means that a smaller capacitance could be used. 
However, as also highlighted in Section D of Chapter II, the 
SC selection was based on several practical criteria. 
Moreover, other features requiring higher SC’s energy usage 
can be ensured by the proposed system, as detailed in [51]. 

B. Experimental Results 

Experiments were performed for the two above-
mentioned scenarios, replicating the simulations and the 
main results are included in Figs. 13 and 14. For the first 
scenario, represented in Fig. 13, it can be seen that, since the 
initial MG load is higher, the IM starting process has more 
impact on the MG power quality. Thus, the voltage 
deviation increases from a value of ΔV=21.6% for no-load 
to ΔV=34.8% for half load. The SCSS support reduces this 
variation to around ΔV=18%, which is less than for the 

solution reported in [36], where a star-delta starting 
topology is employed. A more significant improvement is 
registered for the voltage settling time, which is reduced for 
a 50% load from tsV=1.2 s to tsV=0.4 s.  

Regarding the frequency variation, it should be mentioned 
that while in simulations the inertia of the hydro-turbine 
could be modeled accurately, in the case of experiments the 
limited reaction time of the driving system part of the hydro 
turbine emulator did not allow to replicate the dynamic 
behavior of the mechanical system with a similar precision 
as in simulations. The effect is that the IG rotor speed has a 
larger variation during transients, leading to more significant 
frequency variations than in simulations. Thus, without 
support, the frequency variation increases from Δf=10.7% at 
no load to Δf=24.4%, for 50% load, and the frequency 
settling time varies from tsf=0.3 s to tsf=0.9 s. Note that, for 
the worst case scenario, the frequency drops to 39 Hz, which 
in a real MG would trigger the under-frequency protection, 
but to be able to clearly quantify the influence of the IM 
direct starting on such an MG, this protection mechanism 
was not considered in the experiments nor in simulations. 
When the SCSS is enabled, the frequency deviation and 
settling time were kept around Δf=3% and tsf=0.2 s 
respectively. Fig. 13 also shows the variations for the DC 
voltage, IG active and reactive power circulations, without 
and with the SCSS.  

 

 
Figure 11. Simulation results for SC: voltage and current variation 
 

 
Figure 12. Simulation results for SC: power and SOC variation 

 

Next, the IM starting and loading was experimentally 
assessed. Before the IM connection, the IG was delivering 
its nominal output power (i.e. 3.3 kW), at the rated nominal 
speed of 1555 rpm and no load was connected to the MG. At 
t=0.1 s, the IM is suddenly connected and loaded, reaching 
its steady-state at t=1.5 s. The IM absorbed active power is 
around 2 kW while the required reactive one 1.7 kVAr. The 
captured waveforms are shown in Fig. 14 (left side). 
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Figure 13. Experimental results for scenario 1 (50% load): without (left) 
and with support (right) 

 

The MG voltage decreases significantly at the moment the 
IM is connected, up to 255 V, which represents a voltage 
sag of around ΔV=36%. It returns within the assumed 
settling time in almost tsV=1 s. The frequency also decreases 
to around 41 Hz, and the generator speed drops to 1250 rpm, 
but in this case the frequency settling time is under tsf=0.3 s. 
For the same initial conditions and with the SCSS enabled, 
the system performance is significantly improved. Thus, the 
voltage drop is reduced to ΔV=17% and the corresponding 
settling time to less than half (tsV=0.4 s). On the frequency 
side, the decrease is limited to only Δf =2.6% of its nominal 
value and the settling time reduced by 27%. The generator 
speed varies insignificantly, as shown in Fig. 14 (right side). 
One thing to be noticed is the IG currents variation at the 
moment of the IM connection, which decrease for a very 
short period of time to a minimum value of 5.8 A, from a 
steady-state value of 9.5 A. 

IV. DISCUSSION 

The major improvement achieved by the use of SCSS 
during the IM direct starting on an isolated MG supplied by 
a SEIG and with an IM/SEIG ratio of 4/5 is the significant 
reduction of the associated voltage sag to ΔV=18% for no 
longer than tsV=0.4 s. As for the voltage sag influence on 
sensitive consumers like personal computers, the obtained 
voltage profile is within the ITIC and SEMI F47 power 
acceptability curves, as stated in [52]. Moreover, the 
frequency variation is kept under Δf=3.5% and its recovery 
time under tsf=0.2 s.  

 

 
Figure 14. Experimental results for scenario 2: without (left) and with 
support (right) 

 
Compared to other references, the results obtained 

through the proposed method and presented in this paper 
show significant improvements mainly on the voltage side 
where the induced sag is relatively small for such a high 
IM/SEIG ratio. For example, in [9] the voltage drop 
associated with the IM start-up varies from ΔV=20% to 
ΔV=60%, while the starting currents vary from 7.2 A to 
18.74 A. Likewise, a voltage drop ΔV=23% for an IM with a 
rated power of only 4% from the power delivered by the 
sources that supply the MG is reported in [10].  

For an IM with half the power of the converter that 
supplies the MG a voltage drop ΔV=25% for a period of 3 s 
is registered in [11]. Another study presented in [8] shows 
that for an MG supplied by a 1 kVA VSI, a very small 
power IM start-up will produce the VSI tripping in normal 
operation, while the activation of a voltage-reference-based 
compensator will limit the voltage sag ΔV=7.5% for about 
0.6 s. In [12], a 1.1 kW IM start-up will induce a ΔV=18%, 
but the total power of the MG is 80 kVA.  

A lower voltage sag ΔV=12% is reported in [13], but the 
IM/generator ratio is only 1/7. In case of SEIGs-based MGs, 
for an IM/IG power ratio of 20%, at the moment of the IM 
connection the IG currents variation is almost twice the 
nominal value and the proposed control topology ensured 
that the IG voltage does not collapse [35].  

For an IM/IG ratio of 50%, a star-delta starting topology 
is used in [41] to limit three times the starting currents, and 
recording a voltage sag ΔV=25%. An important point worth 
noting is that with the solution proposed in the present 
paper, the SEIG currents decreased at the moment the IM 
was directly started to 61% from their nominal value, 
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significantly smaller compared to 33% reported in the 
reference mentioned above. 

Moreover, compared with other topologies that employ 
battery-based energy storage systems to mitigate the effects 
of the induction motor direct starting, the obtained results 
show better performance. For a 9% IM/MG power ratio, a 
voltage sag ΔV=26% is measured at the IM start-up in [14]. 
For a lower IM/IG ration (i.e. 6%) the voltage sag obtained 
in [15] is smaller (ΔV=18%), but at the expense of a longer    
settling time (tsV=1 s) [15]. In the case of a SEIG-based MG 
with a 40% IM/IG ratio [34], the IM starting produces a 
voltage sag ΔV=40% for almost 0.7 s. 

Table II shows a comparison of the obtained results in 
terms of voltage sag amplitude and duration with similar 
studies that deal with induction motor starting in microgrids. 

 

TABLE II. RESULTS COMPARISON 

No. 
IM/MG 

ratio [%] 
Starting 
method 

ΔV 
[%] 

tsV [s] Reference 

1 50 Direct 25 3 [11] 
2 4 Direct 18 0.2 [12] 
3 25 Direct 25 0.12 [35] 
4 50  Star-delta 20 1 [41] 
5 40 Direct 40 0.7 [34] 
6 9 Direct 26 0.16 [14] 
7 6 Direct 18 1 [15] 
8 83 Direct 18 0.4 this paper 

Note: Positions 5-8 use storage elements   

V. CONCLUSIONS 

A dynamic support method for an autonomous microgrid 
(MG) based on a self-excited induction generator (SEIG) 
when supplying a directly-connected induction motor (IM) 
of comparable power (i.e. IM/IG power ratio is 4/5) was 
presented in the current paper.  

The main contribution of the paper consists of using a 
supercapacitor storage system (SCSS) for improving the 
dynamic performances of a MG fed by a SEIG, in case of 
IM start-up ad loading. The proposed control solution has 
been validated through simulations and experimental 
investigations on a laboratory-scale MG, for two representa-
tive scenarios (i.e. the IM start-up when the MG supplies an 
initial load and the IM start-up and loading). The results 
focused on the improvement of IG performance when using 
the SCSS.  

Four performance indices (i.e. voltage deviation and 
settling time, frequency deviation and settling time) were 
used to quantitatively assess the SCSS support.  

Compared with similar approaches presented in literature,  
dealing with the transients introduced by an IM starting in a 
SEIG-based MG and validated through experimental tests, 
the proposed control topology (having a very high IM/IG 
power ratio, too), brings the following improvements: reduc-
tion of the voltage sag under 20%, even though direct 
starting is employed - also the voltage recovery time is kept 
under 0.4 s; reduction of the frequency sag under 3.5% - 
also the frequency recovery time is kept under 0.2 s; 
significant reduction of the MG currents oscillations at IM 
starting. 

 
 
 
 

APPENDIX A - MG PARAMETERS 

 Element Parameters Values 
Rated (output) power 3.3 kW 

Nominal voltage 400 V 
Nominal current 8.64 A 

IG 

Pole pairs number 2 
Rated electrical power 2.75 kW 

Rated (mechanical) power 2.2 kW 
Nominal voltage 400 V 
Nominal current 5 A 

IM 

Pole pairs number 2 
Rated power 9 kVA 

Output current (continuous) 13 A 
Maximum current 20.8 A 

VSI 

PWM switching frequency 10 kHz 
Inductance 3.1 mH 

Filter 
Capacitance (star-connected) 10 μF 

DC Link Capacitance 2610 μF 
DL Average power 2.2 kW 

H
ar

d
w

ar
e 

Cexc Nominal power 7.5 kvar 
Proportional and integral gains of PI1 3; 10 DL 

regulators Proportional and integral gains of PI2 10; 30 

Proportional and integral gains of PI3 5; 20 SC 
regulators Proportional and integral gains of PI4 1; 10 

Vsc1 , Vsc  (for k1) 148, 138 
Vscm , Vsc2  (for k2) 70, 100 

C
on

tr
ol

 

SC control 
voltage  
limits Vdc1 , Vdc2  (for k3) 600, 650 
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