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Abstract – This paper describes performance analysis of a direct drive Axial Flux Permanent Magnet (AFPM) generator 

developed for small scale wind energy applications. The design process approach began by a field survey intended to understand 
reasons behind low penetration of Small Wind Turbines (SWTs) in Kenya and failures of existing power transmission systems, 
before making a decision on the most suitable electrical generator system. The main objective of this study was to design a generator 
that is cost efficient to improve its adoption, easy to manufacture so that it can be made in small workshops using basic tools and 
with limited electrical engineering knowledge, to make it attractive as a source of employment for the youth. Starting by elimination 
among different possible generator structures, a decision was made for the configuration of a core-less (air-cored) double rotor 
AFPM generator oriented to SWT applications. The design process combines both analytic and Finite Element Analysis (FEA) of 
the generator. A simple analytic electromagnetic design model, including sizing equations, considering the fundamental laws 
governing this type of machine was used to achieve and implement a prototype. FEA model and performance equations were used 
to verify its performance. The generator assembly is reinforced using an innovative strong T-frame to improve generator stability 
since coreless AFPMs are known to have stability problems. This frame provides a strong reinforcement to the generator assembly 
and also offers a flexible mounting support to the turbine blades so that the generator can easily be mounted both on a Horizontal 
Axis Wind Turbine (HAWT) as well as a Vertical Axis Wind Turbine (VAWT). The AFPM generator will be fitted with suitable 
protective cover to shield the generator from effects of drought such as corrosion and keep debris from becoming lodged in the 
inner parts. This has the possibility of extending the life of the generator. The generator has also been designed with large number 
of poles to improve its performance at low wind speeds. The generator efficiency is high with typical efficiency values of between 
75-89%. 
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1. Introduction 

Small Wind Turbines (SWTs) have been available in 
Kenya for more than 10 years. However, despite the huge 
potential for SWTs alongside the high demand for rural 
electricity, the pace of adoption in many rural areas is still 
low [1]. A major reason for the continued low penetration 
is the high cost of the technology particularly the drive 
train (gearbox and/or generator). Small scale wind power 

applications require a cost effective and mechanically 
simple drive train in order to be a reliable energy source 
[2]. A study has shown that the gearbox is the part in a 
wind turbine responsible for most downtime due to 
failures [3]. Consequently, most SWTs are directly 
connected to the generator in order to avoid the failures 
associated with the use of a gearbox transmission system.  
 

Transient Stability Analysis of the Kenyan Power
System With Different Wind Generation

Technologies
Roy S. Orenge∗1, Christopher M. Muriithi2 and George N. Nyakoe3

1Department of Electrical and Electronic Engineering, DeKUT P.O. Box 657 - 10100 Nyeri, Kenya.

2Department of Electrical and Electronic Engineering, JKUAT P.O. Box 62000 - 00200 Nairobi, Kenya.

3Department of Mechatronic Engineering, JKUAT P.O. Box 62000 - 00200 Nairobi , Kenya.

∗Corresponding Author - Email: samroyoin@gmail.com.

Abstract Electrical power generation from wind is achieved using a number of generator technologies. The main technologies
are the Squirrel Cage Induction Generators (SCIG) and Doubly Fed Induction Generators (DFIGs). In this paper, the effect
of wind farms employing these two technologies on the transient stability of a power systems was investigated. The effect
of these two was compared with the conventional synchronous generators. Simulations were carried out to demonstrate and
compare the transient performance of Kenyan power system with the two wind generator technologies and the synchronous
generators during a three phase fault. The three cases were analyzed separately to establish which one of then will least impact
the Kenyan Power system. The location and the capacity of the wind farm was informed by the proposed Lake Turkana Wind
Power project which is expected to add 300 MW of power to the Kenyan grid. The system was established and all the analysis
carried out in the power system analysis tool DIgSILENT PowerFactory. The results show that DFIG based wind farm will
impact the system less compared to the one based on SCIG. The best response was however achieved if the wind farm was
replaced with an equivalent synchronous generator.
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1. Introduction

Renewable energy technologies are becoming a point of
focus in the world today due to depletion of fossil fuels
and environmental concerns, among other reasons.

Wind power generation as a renewable resource is
one of the fastest growing electricity generating tech-
nologies and features in energy plans across the world,
both in the developed and the developing world. Ac-
cording to the World Wind Energy Association over,
282 GW of capacity is now installed worldwide with
China for instance having over 75 GW installed capacity
[1]. Some countries have high penetration levels like
Denmark which meets about 29% of its power demand
from wind. It is also evident that the installed wind
energy capacity has been increasing significantly around
the world in the recent past. Wind power’s rapid ex-
pansion has been driven by a combination of its en-
vironmental benefits, various state and federal policies

and incentives, and improving cost-competitiveness with
other traditional generation technologies [2], [3]. Kenya
currently has an energy capacity deficit whereby at peak
demand there is insufficient generation to meet consumer
demand. In addition, demand is growing at 8% per year
[4]. The country is suffering from chronic power short-
ages abated only by expensive diesel generated power.
The vast majority of Kenya’s electric power capacity is
based on hydropower, the rest of the country’s power re-
quirements is supplied by geothermal and thermal power
plants. The over reliance on hydropower means that sup-
ply is often unreliable, especially during the dry seasons
[4]. The Kenyan government through the Energy Act of
2006 emphasizes on the need to encourage development
of renewable energy resources of which wind is one
of these technologies. Through this act, the Ministry
of Energy is mandated with the task of promoting the
development of appropriate local capacity for the manu-
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facture, installation, maintenance and operation of basic
renewable technologies such as wind [5]. Integration of
large quantities of wind power can however present some
challenges and this may affect system stability especially
in weak power grids.

2. Generation Technologies

Induction generators are the most commonly used gener-
ators in wind turbines because they are cheap and widely
available [6]. Two kinds of induction generators are nor-
mally used in wind turbines, namely:

1) Squirrel Cage Induction Generators (SCIGs).
2) Doubly Fed Induction Generator (DFIGs).

The operational characteristics of these two kinds of
technologies is described in the following paragraphs.

2.1. Squirrel Cage Induction Generators

Wind turbines based on this technology are directly cou-
pled to the grid as shown in Figure 1 below.

Fig. 1. Grid connected Squirrel Cage Induction Generator.

The slip, and hence the rotor speed of a Squirrel Cage
Induction Generator varies with the amount of power
generated. These rotor speed variations are, however,
very small, approximately 1 to 2 per cent. Therefore,
this type of wind turbine is normally referred to as a
constant speed or fixed speed turbine. A Squirrel Cage
Induction Generator always consumes reactive power.
In most cases, this is undesirable, particularly in the
case of large turbines and weak grids. Reactive power
consumption of the Squirrel Cage Induction Generator is
nearly always partly or fully compensated by capacitors
in order to achieve a power factor close to one [7].
The equivalent circuit of the SCIG used in DIgSILENT
is shown in Figure 2
The model is characterized by the stator winding resis-
tance Rs, the stator leakage reactance Xs, the magnetiz-
ing reactance Xm, the rotor impedance Zrot, the stator
terminal voltage U, and ring voltage of the rotor Ur.
The dynamic model of the induction generator uses the
steady state parameters defined in the equivalent diagram
depicted in Figure 2. DIgSILENT provides a d−q model,

Fig. 2. Equivalent circuit of a squirrel cage induction generator.

expressed in the rotor reference frame:

us = Rsis + jωsynψs +
dψs

dt

0 = Rrir + j(ωsyn − ωr)ψr +
dψr

dt
(1)

where u, i, and ψ are space vectors for the voltage,
current and flux, respectively. ωsyn is the synchronous
speed, while ωr is the angular speed of the rotor. As
the rotor is short-circuited in the Squirrel-Cage Induction
Generator, the rotor voltage is set to zero. The generator
inertia is specified in the form of an acceleration time
constant in the induction generator type.
The dynamic model of the induction generator is com-
pleted by the mechanical equation [8]:

Jω̇r = Te − Tm (2)

where J is generator inertia, Te is the electrical torque,
Tm is the mechanical torque. The mechanical equation
can be rated to the nominal torque:

Tn =
Pn

[ωn(1− sn)]
(3)

and thus the acceleration time constant Tag can be ex-
pressed as:

Tag =
J(1− sn)ω2

n

Pn
(4)

where ωn is the nominal electrical frequency of the net-
work, Pn is the nominal power and sn is the nominal
slip.

2.2. Doubly-Fed Induction Generator (DFIG)
The DFIG is a wound rotor type of an induction machine
whose three phase rotor terminals are connected to back-
to-back PWM power converters. The power converters
are then connected to the grid. The stator terminals are
connected directly to the grid. This is illustrated in Figure
3.

In contrast to a conventional, Squirrel Cage Induction
Generator, the electrical power of a doubly-fed induction
machine is independent from the speed. Therefore, it
is possible to realize a variable speed wind generator
allowing for adjustment of the mechanical speed to the
wind speed and hence operating the turbine at the aero-
dynamically optimal point for a certain wind speed range
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Fig. 3. Grid connection of Doubly Fed Induction Generator.

[9]. The DFIG equivalent circuit is similar to that of
a conventional generator except that the rotor circuit
includes the power converters. The Doubly-Fed Induc-
tion Generator (DFIG) model in DIgSILENT equivalent
circuit is as illustrated in the Figure 4

Fig. 4. Equivalent circuit model of DFIG

Where:
U is the stator terminal voltage.
Ur The slip ring voltage of the rotor.
UAC The ac rotor slip ring voltage.
UDC The dc voltage on the DC bus of the converter.
Rs Is the stator resistance.
Xs The stator reactance.
Zrot The impedance of the rotor circuit.
The Doubly-Fed Induction Generator (DFIG) model shown
in figure 4 extends the usual Squirrel Cage Induction
Generator by a PWM rotor side converter in series with
the rotor impedance Zrot. The PWM converter inserted
in the rotor circuit allows for a flexible and fast control
of the machine by modifying the magnitude and phase
angle of the generator’s AC voltage output UAC on the
rotor side. This is done by modifying the modulation
factor PWM. Based on the power balance between the
AC and DC side of the converter, the DC voltage and DC
current can then be calculated. The AC-DC relationship
of the PWM converter is as follows (the AC voltage is

expressed as line-to-line voltage):

UACr =
√

3
2
√

2
.PWMr.UDC

UACi =
√

3
2
√

2
.PWMi.UDC (5)

where PWMr and PWMi are the real and imaginary
components of the modulation factor, respectively. UACr

and UACi are the real and imaginary components of
the AC voltage. It is assumed that a standard bridge
consisting of six transistors builds the converter and that
an ideal sinusoidal pulse width modulation is applied.
The relationship between AC and DC currents can be
found by assuming that the PWM converter is loss free:

PAC = Re(UACI
∗
AC) = UDCIDC = PDC (6)

During time domain simulations, the converter is con-
trolled through the pulse width modulation factors PWMd

and PWMq, which define the ratio between DC-voltage
and the AC-voltage at the slip rings. The model equa-
tions of the doubly fed machine can be derived from
the normal squirrel cage induction machine equations
by modifying the rotor-voltage equations:

us = Rsis + j
ωsyn

ωn
ψ

s
+

1
ωn

dψ
s

dt

ure
−j(ωsyn−ωr)t = Rrir + j

(ωsyn − ωr)
ωn

ψ
r
+

1
ωn

dψ
r

dt
(7)

The per unit rotor voltage that appears in the above
equation is related to the DC- voltage as follows:

urd =
√

3
2
√

2
.PWMd.

UDC

Urnom
(8)

urq =
√

3
2
√

2
.PWMq.

UDC

Urnom

where Urnom is the nominal rotor voltage.

3. Case Study
3.1. Test Power System Model

The one line diagram of the Kenyan power system shown
in figure 5 was drawn in DIgSILENT power factory. This
network is drawn with 44 buses in accordance to the
most currently available data. In this network, only the
220 kV buses and 132 kV buses were represented. The
few 11 kV buses are generation buses (PV buses). The
Kenyan Power system has an Installed capacity of about
1800 MW. The proposed Lake Turkana Wind Project
(LTWP) which aims at providing 300 MW of wind power
to the system was also modelled and included in the sys-
tem. In the first scenario, a wind farm based on the SCIG
technology was modelled. Secondly this wind farm was
replaced by an equivalent DFIG based wind farm. Also a
300 MW synchronous generator was modelled in place
of the wind farm in the third scenario. To investigate
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Fig. 5. Kenyan Power System Transmission Network
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and compare the impact of these three scenarios, the
transient response of the system to a fault with each tech-
nology was monitored separately. An assumption was
made that wind speed is constant and the wind turbines
were producing their maximum rated power. It is also
assumed that all the 300 MW is injected at once. A three
phase short circuit was applied on one of the Dandora to
Nairobi North 220 kV double circuit transmission line
at 50% distance. The fault was cleared by tripping the
line at both ends. This was repeated in both cases (i.e.
with each technology). Analysis on each of the above
cases was carried out separately. The post fault behaviour
of different generators in the system was observed con-
sidering different parameters such as the active power,
reactive power, terminal voltage and the rotor angle of
these generators. The action of the excitation control was
not considered in this study.

3.2. Transient Stability Indices

One way of telling the severity of a system fault is
looking at how long it takes for the system to regain
its initial state of operation. This is indicated by the
settling time. This can only be realized if a fault is
cleared before reaching the critical clearing time. In this
work its evident that in all the three scenarios the system
had not reached its critical clearing time when the fault
was cleared. This is because in all the three scenarios the
system was able to regain its normal operation after some
time. If the critical clearing time (CCT) was exceeded
then the system losses stability and will not regain its
normal pre fault operation. A system which takes less
time to settle is said to be more stable and vice versa.
This is the indicator that was used in this study.

4. Results and Discussions
Simulations were carried out to compare the transient
response of the active power, reactive power, rotor an-
gle and voltage magnitude with the LTWP wind farm
for the two technologies ( DFIG and SCIG ) and the
synchronous generator. For the purposes of this paper
the active power, reactive power, rotor angle and voltage
magnitude after a fault of the Gitaru and Turkwell gen-
eration stations were considered.

Figures 6 and 7 compares the active power response of
Gitaru and Turkwell power stations respectively. Looking
at the curves for Turkwell power station, it can be seen
that after a disturbance which occurred after 2 seconds
the settling times are about 25 seconds for SCIG, 15 sec-
onds for DFIG and 6 seconds for synchronous generators
integration.

Figures 8 and 9 are looking at the reactive power
response of Gitaru and Turkwell power stations respec-
tively. Looking at Gitaru power station ,it can be seen
that in the case of synchronous generator integration it
takes about only 1 second to settle after a fault, for DFIG

Fig. 6. Active power of Gitaru Station for both technologies.

Fig. 7. Active power of Turkwell Station for both technologies.

Fig. 8. Reactive power of Gitaru station for both technologies.
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Fig. 9. Reactive power of Turkwell for both technologies.

wind power integration Gitaru power station will have
settled after about 10 seconds while it takes up to about
21 seconds for the same station to regain its normal
operation when the system has SCIG based wind farm.

Fig. 10. Rotor angle of Gitaru station for both wind farms.

It can be seen from Figures 10 and 11 that the time
it takes for the rotor angle response for the two power
station is significantly reduced in the case of synchronous
integration while the DFIG wind farm takes less time to
settle as compared to the SCIG based wind farm.
From Figures 12 and 13, it can be seen that with the
inclusion of wind power from SCIG based wind farm, the
voltage magnitude takes a longer time to settle after the
fault. This is when compared to the case where the wind
farm is replaced with an equivalent DFIG technology and
the synchronous generator.
Similar results were also obtained when different gener-
ators were considered.

Fig. 11. Rotor angle of Turkwell for both wind farms.

Fig. 12. Voltage response of Gitaru for both wind farms.

5. Conclusions

This paper investigated an efficient method of comparing
impact of wind power from the two commonly used
technologies and the conventional synchronous generator
on transient stability performance of a power system. The
Kenyan power system modeled using the currently avail-
able data was used in this study. The performance of the
system was observed when each of the two technologies
were integrated each at a time and the final case where
the equivalent synchronous generator replaced the wind
farms. The impact of power from wind considering two
generator technologies was investigated one at a time.
The results show that out of the two wind generation
technologies, DFIG based wind power integration has a
better response as compared to the SCIG based wind
farm. This was evident from the fact that it took less
time to settle after a fault as compared to SCIG. However
synchronous generators give the best result as compared
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Fig. 13. Voltage response of Turkwell for both wind farms.

with wind power from any of the two wind generators
(i.e. SCIG or DFIG). This results agree with other pub-
lished works for instance in Ch Eping et al [10]. The
findings in this paper provide useful information for the
power system planning, especially the stakeholders in the
Kenyan power system who are considering integrating
this large wind farm into the system.
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