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Abstract

To save on the island area's power supply cost and protect the clean environment, the Isolated
MicroGrid is being duly considered. Consisting of the Wind Turbine Generator (WT), photovoltaic
generator, battery system, back-up diesel generator, etc., Isolated MicroGrid, which usually uses
the inverter to maintain voltage and frequency of the system, is very weak in terms of voltage and
frequency stability compared to the large-scale electrical power system. If wind turbine generator
is applied to this weak power system, it could experience many problems in terms of maintaining
its voltage and frequency. In this paper, the measurement result of voltage and frequency is pre-
sented for MicroGrid, which consists of the Wind Turbine Generator adopting the induction gene-
rator and the battery system. MicroGrid’s voltage waveform distortion and Wind Turbine Genera-
tor’s output oscillation problems are analyzed using PSCAD/EMTDC. Based on the analyzed result,
the importance of type and capacity choice has been suggested in case the Wind Turbine Genera-
tor is applied to the Isolated MicroGrid.

Keywords
MicroGrid, Wind Turbine, Induction Generator, Battery, Voltage, Frequency, PSCAD/EMTDC

1. Introduction

From the latter part of the 20th century, complex factors including energy-related crisis such as global warming,
fossil fuel depletion, high oil prices, etc., as well as environmental issues have emerged as global issues. Energy
is globally consumed in a variety of fields and methods, with the power system accounting for a large portion.
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Along with ways to reduce power demand, research studies on smart grid are progressing briskly to use renewa-
ble energy actively and produce systems capable of accommodating them; thus improving the power system’s
efficiency. Many research studies are being done to reduce power transmission loss and increase the overall
energy usage efficiency. MicroGrid is introduced by USA’s CERTS (Consortium for Electric Reliability Tech-
nology Solutions) to improve consumer confidence and power quality [1]-[3].

As a system featuring multiple distributed generations and loads, Grid-interconnected MicroGrid is capable of
supplying energy on its own, allowing it to operate in connection with an electrical power system or to form an
independent system for power supply [4] [5]. Since Grid-interconnected MicroGrid is usually operated in con-
nection with a rugged electrical power system, there is little concern over maintaining its frequency. Thus, the
main concern for the Grid-interconnected MicroGrid is electric power transaction and revenue maximization
through it as well as the management of MicroGrid from the economic point of view.

Contrary to the Grid-interconnected MicroGrid, Isolated MicroGrid is not connected to the large-scale elec-
trical power system; hence the need to maintain its optimal voltage and frequency on its own at all times. Unlike
the existing simple diesel power plant, Isolated MicroGrid consists of a number of distributed generations such
as wind turbine generator, photovoltaic generator, battery system, etc. [6]. Since the photovoltaic generator, bat-
tery system, etc., are connected to the MicroGrid using inverter, power does not fluctuate sharply, causing little
difficulty in maintaining their frequencies. On the other hand, since wind turbine generators have diverse for-
mats and control methods, it is important to choose and install a wind turbine generator suitable for the Micro-
Grid.

The Isolated MicroGrid is often confused with diesel power plant. With the diesel power plant, the diesel ge-
nerator is always in operation. This means that the diesel generator should maintain its own voltage and fre-
quency. In the diesel-renewable energy hybrid system, which connects the diesel power plant to the renewable
energy system, the diesel generator often stops operating when the renewable energy output is greater than the
amount of power load; hence the need for a separate device capable of parallel operation with the diesel genera-
tor while maintaining voltage and frequency. The Isolated MicroGrid typically uses a battery inverter to main-
tain its voltage and frequency. Surplus electric power from the renewable energy system charges the battery and
gets discharged when the renewable energy system’s output is insufficient. Figure 1 shows the example diagram
of isolated MicroGrid.

In this paper, we analyzed the potential problems that could occur when the SCIG (squirrel cage induction
generator)-type wind turbine generator is applied to the inverter-based isolated MicroGrid using data from actual
measurement. When the SCIG-type WT s started, the soft starter adopted to reduce the induction generator’s
inrush current generates a large amount of harmonics to distort the voltage waveform and generate overvoltage;
thus rendering the wind turbine generator incapable of starting. However, not using the soft starter to avoid the
overvoltage problem gives rise to serious low-voltage phenomenon. Even if the wind turbine generator is started,
the induction generator, because of its characteristic, operates as induction motor even with a small fluctuation
of frequency, and its output oscillates between “+” and “—". This paper presents the actual measurement data for
the phenomenon, analyzes its cause and mechanism using PSCAD/EMTDC, and suggests its solution.

2. Wind Turbine Generator and MicroGrid

MicroGrid is a small-scale power supply system using renewable energy [1], whereas wind turbine generator is one
of the common renewable energy sources. Since MicroGrid itself is a small-scale power supply system, however,
the impact on the MicroGrid varies significantly depending on the scale and format of the wind turbine generator.

2.1. Types and Characteristics of Wind Turbine Generators

The most commonly applied wind turbine configurations are classified both by their ability to control speed and
by the type of power control they use. Applying speed control as the criterion, there are four different dominat-
ing types of wind turbines, as illustrated in Figure 2. Wind turbine configurations can be further classified with
respect to the type of power (blade) control: stall, pitch, active stall. Table 1 indicates the different types of wind
turbine configurations, taking both criteria (speed control and power control) into account [7]. There are largely
4 types of wind turbine generators in terms of mechanical composition, and the impact on the electrical power
system varies by type. The characteristics by type are as follows:
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Figure 2. Typical wind turbine configurations.

Table 1. Wind turbine concepts.

Power control
Speed control

Stall Pitch Active stall
Fixed speed Type A Type A0 Type Al Type A2
Type B Type BO Type B1 Type B2
Variable speed Type C Type CO Type C1 Type C2
Type D Type DO Type D1 Type D2

2.1.1. Type A: Fixed Speed
This configuration denotes the fixed-speed wind turbine with an asynchronous squirrel cage induction generator
(SCIG) directly connected to the grid via a transformer. Since the SCIG always draws reactive power from the
grid, this configuration uses a capacitor bank for reactive power compensation. A smoother grid connection is
achieved by using a soft-starter. Regardless of the power control principle in a fixed-speed wind turbine, the
wind fluctuations are converted into mechanical fluctuations and consequently into electrical power fluctuations.
In the case of a weak grid, these can yield voltage fluctuations at the point of connection. Because of these vol-
tage fluctuations, the fixed-speed wind turbine draws varying amounts of reactive power from the utility grid
(unless there is a capacitor bank), which increases both the voltage fluctuations and the line losses. Thus the
main drawbacks of this concept are that it does not support any speed control, it requires a stiff grid [7].

Note: SCIG = squirrel cage induction generator; WRIG = wound rotor induction generator; PMSG = perma-
nent magnet synchronous generator; WRSG = wound rotor synchronous generator. The broken line around the
gearbox in the Type D configuration indicates that there may or may not be a gearbox.
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2.1.2. Type B: Limited Variable Speed

This configuration corresponds to the limited variable speed wind turbine with variable generator rotor resis-
tance. The generator is directly connected to the grid. A capacitor bank performs the reactive power compensa-
tion. A smoother grid connection is achieved by using a soft-starter. The total rotor resistance is controllable.
This way, the power output in the system is controlled [7].

2.1.3. Type C: Variable Speed with Partial Scale Frequency Converter

This configuration, known as the doubly fed induction generator (DFIG) concept, corresponds to the limited va-
riable speed wind turbine with a wound rotor induction generator (WRIG) and partial scale frequency converter
(rated at approximately 30% of nominal generator power) on the rotor circuit The partial scale frequency con-
verter performs the reactive power compensation and the smoother grid connection. Typically, the speed range
comprises synchronous speed 40% to 30% [7].

2.1.4. Type D: Variable Speed with Full-Scale Frequency Converter

This configuration corresponds to the full variable speed wind turbine, with the generator connected to the grid
through a full-scale frequency converter. The frequency converter performs the reactive power compensation
and the smoother grid connection. The generator can be excited electrically [wound rotor synchronous generator
(WRSG) or WRIG) or by a permanent magnet [permanent magnet synchronous generator (PMSG)] [7].

2.2. Using the Wind Turbine Generator with Isolated MicroGrid

This section summarizes the points to be considered when using the wind turbine generator in the small-scale
power system.

2.2.1. Penetration Level
When incorporating renewable-based technologies into isolated power supply systems, the amount of energy
that will be obtained from the renewable sources will strongly influence the technical layout, performance and
economics of the system. For this reason, it is necessary to explain two new parameters—the instantaneous and
average power penetration of wind—as they help define system performance [7].

The average and peak penetration of renewable generation in a hybrid power system can be defined as shown
in Equations (1) and (2) [8].

Energy from Renewable Generation (kWh)
Electrical Load (kWh)

@)

Average Penetration =

Peak Power from Renewable Generation (kW)
Electrical Load (kW)

Peak Penetarion = 2
In [9], these definitions are used to categorize hybrid power systems into three classes; low, medium and high
penetration, as shown for reference in Table 2.

2.2.2. Hybrid Power System

The electric power production cost for the diesel power plants located in islands or remote areas-depending on
their scale and distance from land can rise up to 10 times that of the large-scale electrical power system [10]. To
reduce the electric power production cost, renewable energy systems such as wind turbine generators or photo

Table 2. Hybrid power system penetration classifications.

System Class Peak Penetration Annual Average Penetration
Low <50% <20%
Medium 50% - 100% 20% - 50%
High 100% - 400% >50%
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voltaic generators are sometimes installed in parallel with the diesel power plant. This kind of system is called
hybrid power system [8].

Depending on its structure and the portion of renewable energy system in the whole system, the hybrid power
system has its diesel generator maintain its voltage and frequency most of the time; hence the importance of
choosing the wind turbine generator depending on the diesel generator’s capacity and reinforcing control on the
diesel generator.

2.2.3. Inverter-Based Isolated MicroGrid

Whereas the hybrid power system controls voltage and frequency through its diesel generator, the isolated Mi-
croGrid has its battery inverter and individual distributed generations contribute to voltage/frequency control [8].
Coordination between inverters and WT is critical for performance stability. Likewise, because its system im-
pedance is higher than that of a diesel power plant, careful attention should be paid to the harmonics generated
from inverters or WT [11].

2.2.4. Electrical Characteristics of SCIG-Type WT

SCIG-type WT has been widely used in the large-scale electrical power system because of its low production
cost and ease of control. However, factors that do not cause any problem in the large-scale electrical power sys-
tem become big issues in the isolated MicroGrid.

SCIG-type WT uses an induction generator; the induction generator’s inrush current, depending on its format,
requires around 5 ~ 10 times the rated current [12]. To reduce such high inrush current, the SCIG-type WT typi-
cally adopts soft starter using thyristor. With soft starter, the inrush current can be limited to within 2 times the
rated current. However, it generates much harmonic current [13], and this in turn causes serious distortion of
voltage waveform, flicker, sagging, etc. in small-scale electrical power system [14]. Another drawback is that
one has to overdesign the capacity of the battery inverter or diesel generator to provide the reactive power ne-
cessary for WT’s startup and power generation.

3. Squirrel Cage WT’s Impact on Voltage /Frequency

This section explains the structure of the currently configured isolated MicroGrid. It presents the actual mea-
surement result, showing what kind of impact WT has on the system’s voltage and frequency during startup and
operation.

3.1. Structure and Test Condition of the Isolated MicroGrid

The structure of the MicroGrid tested in this paper can be seen in Figure 3. It consists of 1 MWh lead battery,
500 kVa inverter, 100 kW dummy load, two 250 kW WTs, and three 150 kW diesel generators as summarized
in Table 3.

The battery inverter controls the system’s voltage and frequency. To ensure the test’s safety and to conduct
the test under the same condition as that of the actual site, the test was conducted with 100 kW artificial load
deployed. Since the diesel generator was supplying power to actual load at the time, the test was done with the

380V Bus 6,900V Bus
M.tr VCB

D e H
ACB 3 500KVA
Diesel .
Gen.

150kw

DC scov 344 220V
Battery Inverter -
250kwW

1MWh 3® 500kvA 34, 500kVA

100kwW

Figure 3. Schematic diagram of Island MicroGrid.
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diesel generator and the actual load excluded. Simultaneous measurement was done both at the inverter’s output
(low voltage) and WT’s output (low voltage) using Dewetron Corporation’s DEWE-2520 (Figure 4). However,
all the waveforms presented in this paper are those measured at WT’s output. The average wind speed recorded
at the time of test was about 8 - 10 [m/s].

3.2. Measurement Result at the Time of WT’s Startup

Figure 5 presents the waveforms of voltage and current during WT’s startup using soft starter. It shows that the
amount of current gradually increases according to the soft starter’s firing angle. It also illustrates that voltage
waveform becomes greatly distorted in proportion to the current distortion level. Reasonable voltage was not
applied to WT, with the soft starter malfunctioning; thus resulting in WT’s failure to start up.

Figure 6 shows the waveform generated when WT was started without operating the soft starter. Because the
current is not limited by the soft starter, very large starting current (approximately 700 A, at 380 V) is required.
Although the voltage dropped to around 145 V (with reference voltage of 380 V) because of this, voltage wave-
form distortion as in Figure 5 did not occur. In this case, WT successfully started with around 80% probability.
This means that the inverter acted as if it was a motor drive to start WT.

3.3. Measurement Result during WT’s Power Generation

Similar to the result in Section 3.1.2, under the test condition in this study, startup succeeded only when the soft

Figure 4. Measurement as shown on the inverter output side.

Table 3. MicroGrid’s building blocks.

Equipment Capacity Number Format
Battery 1 MWh 1 Lead-Acid
Inverter 500 kVA 1 Grid Forming

Wind Turbine 250 kW 2 SCIG Type
Dummy Load 100 kW 1 Resistor
Diesel Generator 150 kW 3 Sy'\r}glﬁ?]réus

Distribution Line 1.1km 1 6.9kv,

TR CNCE-W 60 mm?
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Figure 5. Voltage/current waveforms during WT’s startup (soft starter in operation, Red:
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starter was not used. Figure 7 shows the waveforms of voltage and current after WT successfully started and
shifted to power generation mode. It can be seen that, even though startup succeeded, the current periodically
fluctuates and oscillates.

Representing Figure 7 with active power and reactive power produces Figure 8. Note that active power and
reactive power oscillate with around 1 [Hz]. The oscillation range of active power is approximately —120 [kW]~
+ 100 [kW], where “—(minus)” means that it operated as motor (i.e., consumed energy). This suggests that WT,
after shifting to power generation mode, did not work as generator only but alternately worked as both generator
and motor.

The oscillation range of the reactive power is approximately —70 [kVAr] - =470 [kVAr], where “—(minus)”
means that WT continuously absorbed the reactive power. This is an inevitable result considering the fact that
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Figure 7. Voltage/current waveforms during WT’s power generation (Red: Voltage, Blue: Current).
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WT adopted an induction machine. As active power oscillates by 1 Hz unit, however, reactive power is conti-
nuously oscillating proportionately as well.

4. Analysis through PSCAD/EMTDC Simulation

In this section, to analyze Section 3.1’s phenomenon, the isolated MicroGrid’s building block was modeled us-
ing PSCAD/EMTDC. First, modeling was done under the same environment as the condition used in the test. To
find out the causal analysis and improvement method, simulations were done by alternating various conditions.

4.1. Modeling Using PSCAD/EMTDC

WT, soft starter, battery, inverter, distribution line, transformer, etc., were modeled using PSCAD/EMTDC. The
result of modeling can be seen in Figure 9. At this time, the modeling parameter used Table 3 and actual data,
and modeling was done based on the condition wherein voltage waveform distortion and output oscillation oc-
curred as in the actual situation. The inverter was modeled as PWM inverter capable of CVCF operation. Dum-
my load was modeled into the inverter.

The simulation process was modeled similar to the actual test conditions. In the actual test procedure, the in-
verter is first started, and the line and transformer are then supplied with power. Subsequently, if optimal wind
speed is reached, the WT blades begin to rotate; when their rotation speed reaches around 1000 rpm, the soft
starter operates. It takes around 0.2 seconds (10 - 12 cycles) for the soft starter’s rotation speed to reach the rated
value (around 1200 rpm). Afterward, the soft starter is bypassed, and WT shifts to power generation mode. Ta-
ble 4 summarizes this together with the simulation processes.

4.2. Simulation Result during WT Startup

To analyze the voltage distortion phenomenon during WT startup, the soft starter was modeled to simulate the
phenomenon during startup. Figure 10 shows the waveform generated when WT was started using soft starter,
whereas Figure 11 illustrates the waveform generated when WT was started without using soft starter. Figure
10 shows that the voltage waveform is significantly distorted, and that overvoltage is being generated. On the
contrary, Figure 11 illustrates that the situation is alleviated considerably compared to the case in Figure 10.
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Figure 9. Simulation model using PSCAD/EMTDC.

Table 4. Simulation process.

Time Process
0 Simulation starts.
0.2 Inverter starts.

WT begins to rotate.

05 (RPM increases.)
0.72 WT RPM: 0.84 pu (1000 rpm)
' Soft Starter begins to operate.
0.92 WT RPM: 1.0 pu (1200 rpm)
' Soft Starter stops and gets bypassed.
11 WT's startup is complete, and power generation begins.

188
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Figure 11. Voltage waveform without soft starter.
This means that the voltage waveform distortion during WT’s initial startup is caused by the soft starter.

4.3. Simulation Result during WT’s Power Generation

To analyze the cause of the output oscillation phenomenon during WT’s power generation, simulation was first
done to get the same result as the existing one. Figure 12(b) is the current status of WT output, and we can see
that it is similar to Figure 7’s result. To find out the condition for WT’s normal operation, simulations were
done by alternating various conditions. As a result, the oscillation phenomenon was confirmed to have been al-
leviated or aggravated according to the inverter controller’s gain. The oscillation phenomenon can be seen to
have been alleviated especially according to the extent of P (proportional) gain; this means that the inverter’s
frequency tracking performance is currently set low. Table 5 shows the controller’s gain in current state and
improved state.

Figure 12 confirms that the controller’s low gain caused the frequency oscillation, and that this in turn oscil-
lated WT’s rpm and voltage, too. Figure 13 verifies that the controller tuning improved its gain, and that the os-
cillation phenomenon was removed. Frequency can also be confirmed to be maintained in stabilized condition at
60 Hz, with WT’s rpm maintained well at the rated value.

Based on the simulation result above, the system frequency oscillation and WT’s output oscillation (motoring
<> generation) phenomena can be analyzed. Specifically, the WT considered in this paper is configured as
squirrel cage induction generator (Figure 2’s A type), and the induction machine can work either as generator or
motor depending on its rotation speed and torque in contrast to the synchronous speed [12]. It is working as a
motor if it rotates slower than the synchronous speed and as generator if faster. The WT considered in this paper
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rent waveform; (d) Frequency of MicroGrid.
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Figure 13. Simulation results for the inverter’s gain change. (a) WT’s RPM; (b) WT’s phase current waveform; (c) WT’s

phase current waveform; (d) WT’s phase current waveform.

has rated speed of 1211 rpm and synchronous speed of 1200 rpm during power generation. In case WT’s system
frequency increases to 61 Hz for some reason (ex. frequency fluctuation at the inverter), the synchronous speed
at this time becomes 1220 rpm, but the wind turbine’s rotation speed remains at 1211 rpm, making WT work as
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Table 5. Inverter controller’s gain.

Current state Gain change
P gain 4.0 100
d axis
I gain 0.005 0.0001
P gain 1.0 100
q axis
I gain 0.05 0.0001

a motor. If the synchronous speed increases from 1200 rpm to 1220 rpm according to the system frequency’s in-
crease, the generator’s slip (difference between synchronous speed and operation speed) is reduced, resulting in
decreased torque. Since the generator’s torque acts as a brake against the wind turbine’s torque, the reduction of
such torque accelerates the wind turbine’s rotation speed and increases the generator’s rpm, which in turn in-
creases the slip again and results in the generator’s torque being increased to the original state. In other words, it
gets to act as generator again.

5. Conclusions

This study presented the survey data for the voltage and frequency maintenance problem in Isolated MicroGrid
composed of WT and battery system and analyzed the causes using PSCAD/EMTDC. The isolated MicroGrid
considered in this paper has its voltage waveform distorted during WT?’s startup; this in turn generates low vol-
tage and over voltage. Likewise, after shifting to generation mode, the output oscillation phenomenon makes it
difficult to maintain system frequency, and normal operation becomes difficult.

As a result of simulation using PSCAD/EMTDC, the voltage waveform distortion during WT’s startup was
found to be due to the soft starter used at the time. Its solutions could include improving the battery inverter’s
harmonics handling performance or installing APF (Active Power Filter). WT’s output oscillation phenomenon
was analyzed to be due to the improper setting of inverter controller’s gain, which caused WT to alternate be-
tween generation mode and motor mode.

Due to its characteristics, the SCIG-type WT can operate only at high starting current and within a very nar-
row frequency domain. This means that using the SCIG-type WT in isolated MicroGrid requires inverters with
very large capacity and high performance. Thus, it is important to choose WT with proper type and capacity
when designing isolated MicroGrid.

Finally, we will change the grid forming inverter as more proper type for isolated MicroGrid.
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