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This paper presents the application of the Linear Quadretic Gaussian
(LQG) controller for voltage and frequency regulation of an isolated
hybrid wind-diesel scheme. The scheme essentially consists of a vertical
axis wind turbine driving a self-excited induction generator connected via
an asynchronous (AC-DC-AC) link to a synchronous generator driven by
a diesel engine. The synchronous generator is equipped with a voltage
regulator and a static exciter. The wind generator and the synchronous
generator together cater for the local load and power requirement.
However, the load bus voltage and frequency are governed by the
synchronous generator. The control objective aims to regulate the load
voltage and frequency. This is accomplished via controlling the field
voltage and rotational speed of the synchronous generator. The complete
nonlinear dynamic model of the system has been described and linearized
around an operating point. The standard Kalman filter technique has
been employed to estimate the full states of the system. The computational
burden has been minimized to a great extent by computing the optimal
state feedback gains and the Kalman state space model off-line. The
proposed controller has the advantages of robustness, fast response and
good performance. The hybrid wind diesel energy scheme with the
proposed controller has been tested through a step change in both wind
speed and load impedance. Simulation results show that accurate tracking
performance of the proposed hybrid wind diesel energy system has been
achieved.

KEYWORDS: wind turbine, induction generator, synchronous
generator, robust control and LQG control.

NOMENCLATURE

VgssVgs d-g stator voltages of induction generator,
igs,iqs ~ d-q stator currents of induction generator,
igr.igr ~ d-q rotor currents of induction generator,

Rs, R,  stator and rotor resistances per phase of induction generator,
Ls, L, Ly, Stator, rotor and magnetizing inductances of induction generator
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Co self excitation capacitance per phase of induction generator
w5 Angular stator frequency of the induction generator
O Angular rotor speed (electrical rads/s) of the induction generator

J moment of inertia,
f friction coefficient,

p differential operator d/dt

Lpc  DC-link inductance

Rpc  DC-link resistance

agr, a, firing angles of the converter and inverter.
Vdcons Vgeon d-0 input voltage of the converter.

idcons Igcon  d- input current of the converter.

Ipc  DC-link current.

Viny  Inverter output voltage

v§.vy d-q stator voltages of synchronous generator,

vika Vg 0-0 damper winding voltages of synchronous generator,
Vi field winding voltage of synchronous generator,

i, ia d-q stator currents of synchronous generator,

g iqu d-q damper winding currents of synchronous generator,
it field winding current of synchronous generator,

R, stator resistance of synchronous generator,

R.:R¢, dand g damper winding resistances,

L Lmq d and q mutual inductances,

Ly, Lq d and q self inductances,

O, rotor speed (electrical rads/s) of the synchronous generator,
T torque input from diesel engine,

o, @ applied and actual fuel flow rate of diesel engine,

T, combustion delay time constant,

7,,K, time constant and gain of fuel rack position actuator,

1. INTRODUCTION

During last three decades, the assessment of potential of the sustainable eco-friendly
alternative sources and refinement in technology has taken place to a stage so that
economical and reliable power can be produced. Different renewable sources are
available at different geographical locations close to loads, therefore, the latest trend is
to have distributed or dispersed power system. Example of such systems is wind-diesel.
This system is known as hybrid power systems.
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The advantage of hybrid power systems is the combination of the continuously
available diesel power and locally available, pollution-free wind energy. With the
hybrid power system, the annual diesel fuel consumption can be reduced and, at the
same time, the level of pollution can be minimized. A proper control strategy has to be
developed to take full advantage of the wind energy during the periods of time it is
available and to minimize diesel fuel consumption. Therefore, a proper control system
has to be designed, subject to the specific constraints for a particular application. It has
to maintain power quality, measured by the quality of electrical performance, i.e., both
the voltage and the frequency have to be properly controlled [1]. These results in a
need for a simulation study of each new system to confirm that a control strategy
results in desired system performance.

The wind-diesel systems are normally equipped with a control system, which functions
to reduce the system frequency oscillations, when the system is subjected to wind/load
disturbances [2].

Various control strategies have concerned with the voltage and/or frequency
control of the hybrid wind-diesel power system and achieving optimal out of the
turbine. In some schemes, the hybrid wind-diesel power system uses compressed air
energy storage with the wind-diesel hybrid system [3]. Other control schemes use static
VAR compensators for reactive power control [4]. Mathematical modeling of a typical
hybrid system with PI controllers and system dynamic studies on it has been reported
by Scott [5]. However, it is well known that the performance of the systems with fixed
gain controllers designed on the fixed parameter model of the system does not stay
optimal as the system parameters undergo a change.

Recently, advanced control tehniques, which were applied successfully on the
machine drives, have been proposed for regulating the wind power in a grid connected
wind energy conversion scheme. They include Artificial neural networks [6-8], fuzzy
control [7-9] and vector control [10]. In these methods, the speed feedback may be
necessary to avoid instability.Moreover, wind velocity information may be needed as
well. Also, the key point of direct power schemes is a correct and fast estimation of the
active and reactive power as well as fast Pl controllers.

In this paper, a controller design and simulations of a wind-diesel generation
plant based on LQG approach are presented. This generation plant is conceived to
supply electric power to an isolated load not connected to the electrical network. The
main power generation system consists of a wind turbine driving a self-excited
induction generator connected via an asynchronous DC link to a synchronous generator
driven by a diesel engine. The synchronous generator is equipped with a voltage
regulator and a static exciter. The wind generator and the synchronous generator
together feed the local load.

The proposed hybrid wind diesel energy scheme with the proposed controller
has been tested through a step change in both wind speed and load impedance.
Simulation results show that there is accurate tracking performance of the proposed
hybrid wind diesel energy system.

2. SYSTEM DESCRIPTION

Figure 1 shows a hybrid wind-diesel interface scheme, to supply a local isolated load.
The scheme essentially consists of a vertical axis wind turbine driving a self-excited
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induction generator (SEIG) connected via an asynchronous (AC-DC-AC) link to a
synchronous generator driven by a diesel engine. The synchronous generator is
equipped with a voltage regulator and a static exciter. The wind generator and the
synchronous generator together feed the local load power requirement.

exciter
diesel
turbine |_V A{J

=:|:|=<C€ SG

converter inverter

input DC link output
WT transformer T transformer

gy YINRIE J
T%T n No:1

t t

OR o

Load

Fig. 1. Block Schematic diagram of the proposed hybrid wind-diesel-generation
system.

3. SYSTEM DYNAMIC MODEL

The dynamic models of the different parts of the system can be described as follows:

3.1 Wind Side Dynamic Model

The wind side system is consists of wind turbine, induction generator and DC-Link
which can model as following:

3.2 Wind turbine Dynamic Model

The wind turbine is characterized by no dimensional curves of the power coefficient
c, as a function of both the tip speed ratio, 2 and the blade pitch angle, g. In order to

fully utilize the available wind energy, the value of 2 should be maintained at its
optimum value. Hence, the power coefficient corresponding to that value will become
maximum also.

The tip speed ratio 2 can be defined as the ratio of the angular rotor speed of
the wind turbine to the linear wind speed at the tip of the blades. It can be expressed as
follows:
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A= wRIVy 1)
Where Rr is the wind turbine rotor radius, v, is the wind speed and o, is the
mechanical angular rotor speed of the wind turbine.
The torque available from the wind turbine can be expressed as [11] :
oR

.V oR 3
Tm = 0.50AR| (0.44-0.0167)8sin| —¥ -0.00184 —-3 L 2
m P! ( )ﬂ 15-038 {Vw ]ﬂ w! & ( )

Where , isthe air density, and A is the swept area by the blades.

3.1.2 Induction Generator Dynamic Model

The dynamic behavior of the induction generator in the d-g axis synchronously rotating
reference frame is given by [12] :

Pigs =—RsAtigs —(@s + AgwmLm)idgs + Rr Aigr — AvomLrigr (3)
Pigs = (@5 + A2omLm)igs — RsAtigs + R Agidr + AomLmigr — AVas «+vevvvevnennnnnen 4
Pigr =RsAgigs + ApomLsigs — Agigr + (@5 + AyomLs)igr (5)
Pigr =—AomLsigs + RsAgids + (@5 — AomLs)igr — Agidr + AgVds «-vvevnevnennennenininnnnn. (6)

Where v, =0, due to the choice of axis alignment, and

A =L MLsky —L2), Ay =Lp ALy —L3),

and Az =Ry @+ AsLy)/ L,

The rotor speed w,, is governed by the following differential equation:

T +Te = (p+ floy /P @)
Where P is number of poles of the induction generator, T, is the input torque

from the prim-mover, and T, is the electromagnetic torque representing the load on

the induction generator (7. is negative for generator action) which is given by :

Te =15PLpy (igsiar —idsigr) (8)
Equations (9) and (10) are combined as
P& = (~ feomy + PTy +15P %Ly (igslar —idsigr)) /I 9

3.1.3 Asynchronous DC Link Model

The asynchronous DC link (used to interface the wind energy system to the utility )
consists of a six pulse line commutated converter, a smoothing reactor, and a six pulse
line commutated inverter. An isolating transformer of turns ratio 1: n interconnects the
induction generator to the converter. Neglecting the resistance and leakage reactance of
the isolating transformer, the various ac quantities on the primary and secondary sides
can be related by:

Vaeon =MV + Voeon =NVgs + lgeon =g /N,

gcon gs gcon = IdI /n (10)
Assuming the converter is lossless, the instantaneous power balance equation

=0, due to the choice of axis alignment) :

Idcon

(v,

gcon
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gvdcon acon = Vrloc (11)
Where V; isthe DC voltage at the converter output terminals which can be

written as :

Ve = 3 vy cosar (12)

The ac and dc currents of the converter are related by :

icon = \/ (igcon +i§con) :¥|DC (13)

Neglecting the commutation overlap, the d-q converter currents can be
deduced using equations (13-15) as :

igcon = lcon COSaR =& I oc COSarg (14)
V3

igcon = —iconSiNaR = —& Ipc sinag (15)

Referring to Fig. 1, the dynamics introduced by the DC link is given by:

LDC pch+RDc|DC :VR —V| (16)

Where v, is the DC voltage at the inverter input terminals which can be expressed as:

\ :—ﬁvmvcosm ‘*'&lDC an

where X isthe commutating reactance.
Combining equations (12), (17), and (18) the following equation can be obtained :

plpc =(-Rpclpc JrﬁnvdS cosar +£vinvcow| *%lDC)/LDC
T T T
i 1 L
—Rpc _%_18'? (0 s(a ) @(Sin(al)z loc
V4 z? T

Ploc = . - Iloe  eeeveneeenann

33 3V3n, [lq cos(8) +i} sin(s) J

cosa
T

+——NCOSagVy + o ]
—ig sin(5) +ig cos(5)

(18)

T

3.1.4 Self Excitation Capacitor Model

Referring to the d-q equivalent circuit of the self excitation capacitor shown in Fig. 2,
the following differential equations can be written:

[
PVgs :Cq_g_f”svds (19)

PVgs = a +WsVgs (20)

Since, Vg, = 0, due to the choice of axis alignment, equations (21-22) can be rewritten
as:

iqe

=4 21
CoVs ( )
PVgs = dc (22)

Co
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ids idI iqs iqI
i I
Vs T de Vs T qc
ST ST
Fig. 2 : d-q equivalent circuit of the self excitation capacitor

Referring to Fig. 2, the values of i, and i, can be written as:

iqc :iqs _iql v g =igs —iql (23)
Equations (12, 15 and 16) are combined with equation (25) as:

e =igs +&nIDC sinag idc:ids—&nlm cosag (24)
T T

Substituting the values of i, and iy from equation (26) into equations (23) and (24)

would give:

o243 .
igs +7nIDC sinaR

- 25
o o (25)
R NE
igs ——nlpc cosar
Pugs = —— > (26)

Equation (27) can be used to determine the electrical frequency of the voltage
generated by the induction generator.

3.3 Diesel Side Dynamic Model

Diesel side system consists of diesel engine, synchronous generator and the load which
can modeled as following:

3.2.1 Synchronous Generator Dynamic Modeling

The dynamic behavior of the synchronous generator in the d'-q" axis synchronously
rotating reference frame fixed in the rotor (i.e., d-q" reference frame rotating at the
rotor speed o) is given by [12]:

L LigL'mg v , ,
pif = L Rail Uil o + g L i + g Ll VG [ e (27)
Lg — Lo Lig

Hs ir ir’
Oy Lyiq — Ry — oy Loy

1|+ (Kzz RegLt + KagRig Lo iy

pif =— N (28)
Ky _(KZZLmd +K33Lkd)Rf|;
+(K22 Lig + Kaslig )"; —Vg
RigLg .
. R, —Ri§ —— i — o Ly
o - B ig | T (29)

kg ar' o' r
+ Oy Lglig + oLl —Vg
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ar .r ar! T
OgyLgiq — Ry — @y L,

v (Lmd - L’f) + (KLt Rig + Kag Loy Rig iy
f ' 2 rir’
pil, = Koz | = (abw R +KaLDRT ) (30)
+ (Ko Ly Rig + KagLigg VE =g
R LY ,
H R
L

ir H ir’
OgyLgiq — Ry — @y Ly

. 1 |+ (KpLiRi + KylogRig) ifg

o Ly K Kes | — ‘RN
pif Lo | Kuke | Kb KR (31)
md + (KLt Rig + KggLog Reg Vi — Vg
Réd Lmd ir'

rer’
+—L' g — R
kd

Where

Lt (Lo =Lt ) L (L Lo — 20

2g -Litka)  (Lria-12q)

=12 Lmd, —r Ke=t1 'Lmd 7| Ku= ,Lqu » Kes = I,-kd 2 )
Lind — L Lkd (Lkad*Lmd) Lqlkg —Lmg (Lmded—Lmd)

The g and d' stator voltages in the reference frame fixed in the rotor are given by:

Kip=L4 -

Vi = —igRg — g Lyi + g L g + 0 L 1 (32)
Vg =—i§R; + g Lyig —og Lyl (33)
The rotor speed wg is governed by the following differential equation:
2
p—(Jprg + fogg)=Trg —Te (34)
(0]

Where, P, is the number of poles of synchronous generator, T4 is the input
torque from the prime mover (diesel engine) and T, is the electromagnetic torque
representing the electrical load on the synchronous generator and is given by :

T, = (g] (%J [Lmd (7 il +if + i;;,) if— Lig (7 if + i{é) ig] (35)

Lastly, the torque angle representing the electrical load on the synchronous
generator is given by:

P5=p£0(wsg o)+ 5 (36)

Where wgy and w, are the synchronous generator's rotor speed and electrical
frequency respectively and &, is the initial torque angle. In steady state, wsy and w, are
the same, but during transient wg, changes and ultimately settles down to the value w.

The vq and vy stator voltages in the reference frame fixed with the synchronously

rotating frame MMF vector rotating at an angular velocity . are given by:
Vg = Vg cos(8)+vg sin(5) (37)
v = -} sin(6)+vj cos(s) =0 (38)

w=yhef bef =6 (39)
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The initial orientation of q and d reference frame is chosen such that v§ is
initially zero and the load voltage V.= vg.

3.2.2Voltage Regulator and Static Exciter Model

The voltage and frequency at the local load bus are set by the synchronous generator.
Under load excursion, the load voltage tends to vary. In order to regulate the bus
voltage, the synchronous generator is equipped with an automatic voltage regulator
(AVR) and a static exciter [12]. The static exciter is an "inverted" three phase
generator, with the automatic windings on the rotor and the field windings on the
stator. The AC armature voltage is rectified using diodes mounted on the rotating shaft,
and the rectified voltage is applied to the synchronous generator field as shown in fig.
3. The differential equations describing the excitation system for the synchronous
generator are as follows:

R,_[i& cos(8) +ig sin(§)—§ Inc cos(e; )]
(0]
pYe = Miret Vi) =Veet - (40)

+a)eL|_[— i sin() +ig cos(&)—% Inc sin(g; )]
7MNo

pv’f = KeVC—_V,f (41)

Te

Where, K. is the gain of the exciter and . is the time constant of the exciter.

’

Viet + 1 Ve Ke Vi
—( > = — —>
A S :|.+SZ'e
Vi

Fig. 3: Static voltage regulator loop
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Fig.4: State space representation of diesel engine and speed regulator loop
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3.2.3 Speed Regulator And Diesel Engine Model

The synchronous generator is driven by a diesel engine which controls the mechanical
power input to the generator to balance the electrical load on the machine. If the
electrical load on the generator changes due to change in power drawn by the local
load, the rotor speed and hence the electrical frequency tend to change. In such a
situation the mechanical power (or torque) input to the synchronous generator is
controlled to regulate the system electrical frequency. The block diagram of the diesel
engine is shown in fig. 4 [12]. The input signal is the speed (frequency) error and is
used to determine the applied fuel flow rate ¢, depending on the position of the fuel
rack which is controlled by the fuel actuator, characterized by a gain k, and a time
constant t,. The torque output T4 of the diesel engine is proportional to the actual fuel
flow rate oy, but is delayed by the fuel combustion process time delay t;. The torque
output of the diesel engine is:

Ting = Kagpre ° (42)

Where K; is constant relating the torque output to the fuel flow rate. The combustion
process delay can be approximated using first order Pad's approximation as follows:

o)

The actual fuel flow rate »; is dependent on the applied fuel flow rate ¢, and

e

is given by:
__ Ko
?f = T+ 005 Pr (44)

Where K, and 1, are gain and time constant of the fuel actuator. The differential
equations describing the diesel engine and its speed governor are given by [12]:

PPr = Osgref — gy (45)
K _
pps = L (irz 7 (46)
dps —2
py == (47)
Tnd = Kl(xl_‘/’f) (48)

3.3Small Signal Linearized model

The subsystem models can be interfaced to form the unified nonlinear model.
The nonlinear model of the hybrid wind-diesel-generation system are
linearized around an operating point as following:
px=Ax+Bputvd (49)
Where
X= [Xl X z]
and
X =[aiy Ay Al Ay Ag, Avg Alpe AL AID AL

as q

X,=[Al, A Amy AS AV, AV Ap Ap, AX]
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t
H= |:V Lref a)sgref }
d :[AZL Vw]
A= [q;] isa 19x19 matrix.

4. CONTROL STRATEGY

In this paper, the LQG controller has been employed to control the terminal voltage
and frequency of an isolated hybrid wind-diesel generation unit. The LQG is a modern
state space technique for designing optimal dynamic regulators. It has the following
advantages:

1) It enables to trade off regulation performance and control effort.

2) It takes into account the process disturbance and measurement noise.

The LQG controller consists of an optimal state feedback gain “ k ” and a
Kalman state estimator. The optimal feedback gain is calculated such that the feedback
control law
u=—kx
minimizes the performance index :

o,
H= j(xTQx +uTRu}it
0

where Q and R are positive definite or semi definite Hermittian or real symmetric
matrices. The optimal state feedback u = —kx is not implemental without full state
measurement. In our case, the load current only is chosen to be the output measured
sigr[1al. Th]e Kalman filter estimator is used to drive the state estimation:

X=[X, X,

and

Aig Aly Ay Ad, Mg Al Al Al Ai”k;]

X, = [Af )

as
>22=[Afkg AT Ady AS AV, AV] A, A A>‘<1]

such that
u=-kX
remains optimal for the output feedback problem. The state estimation is generated
from [16]:
P=(A-Bk-LC)R+Ly

Where L is the Kalman gain which is determined by knowing the system noise
and choosing Q, and R, . However, the accuracy of the filter’s performance depends
heavily upon the accuracy of this covariance. On the other hand the matrices A and B
containing the hybrid wind diesel generation system parameters are not required to be
very accurate due to the inherent feedback nature of the system. The Kalman filter
performs best for linear systems. Therefore, the nonlinear model of the complete
system has been linearized around an operating point. The optimal state feedback gains
and the Kalman state space model have been calculated offline which results in great
saving in computational burden. On this basis, the implementation of the proposed
controller becomes easier and the hardware will be reduced to minimum.
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5. SYSTEM CONFIGURATION

The block diagram of the isolated hybrid wind-diesel generation system with the
proposed LQG controller is shown in Fig. 5. All the commanded values are
superscripted with asterisk in the diagram. The LQG controller contains the Kalman
state estimator in addition to optimal state feedback gains. The Kalman estimator uses
both the measured d-q stator current components of induction generator and
synchronous generator in order to estimate all the states including the d-q rotor current
components of synchronous generator, generator speed of induction and synchronous
machines, d-axis generated voltage at induction generator, DC link current, damper and
field currents of synchronous generator, fuel flow rate of diesel engine. These states
are multiplied by the corresponding optimal gains and summed to produce the control
signals necessary to regulate the field voltage and the shaft rotational speed of the
synchronous generator.

The entire system has been simulated on the digital computer using the
Matlab/Simulink software package. The specifications of the system used in the
simulation procedure are listed in appendix [12].

The noise and measurement covariance are set as :

Q, = diag(10,10) , R,=diag(1,1)
Also, the values of Q and R matrices which are necessary to calculate the

optimal feedback gains are set as :
Q =diag (200 10 10 10 100 10 10 10 10 100 10 10 10 10 10 10 10 10 1000) ,

R = diag (2.05 2.05).

Kalman |~ 4
estimato [«

\ 4

> Y, <erpf

Load

Fig. 5: Block diagram of the hybrid wind-diesel generation power system with the
proposed LQG controller
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6. SIMULATION RESULTS

Digital simulations have been carried out to validate the effectiveness of the proposed
system under wind speed and load variations. The performance of the proposed scheme
has been tested with a step changes in both wind speed and load impedance.

The simulation results depicting the variations in various variables with a step change
in local load impedance is shown in Fig. 6. It is seen that as the local load impedance
increases (the local current decrease), with wind velocity remaining constant, so the
rotor speed of the synchronous generator tries to increase. The control action comes in
operation and decreases the power output of the synchronous generator to meet the
decreased power demand of the load. This is achieved by decreasing the diesel fuel rate
¢f which in turn decreases the torque (mechanical power) to the synchronous generator.
Also, the field current is decreased to regulate the local bus voltage and the opposite
will happen when the local impedance decreases.

The effect of variations in wind velocity on the various system variables are
shown in Fig. 7. It seen that with increase in wind velocity (this means that the power
contributed by the inverter increases) and hence the load voltage and current increase.
So the same as the case of load impedance reduction, the controller comes in operation
and reduces the diesel fuel rate ¢f which in turn decreases the torque (mechanical
power) to the synchronous generator. Also the field current of the synchronous
generator decreases. That leads to adjusting the load voltage and frequency and vice
versa if the wind speed decreases. It is also seen that the damper winding current only
comes into play during the initial transients, and reduces to zero subsequently.
Simulation results indicate that a hybrid wind-diesel scheme can be adequately
controlled and the local bus voltage and frequency can be regulated by the use of AVR
and a diesel engine with robust LQG control.

7. CONCLUSIONS

This paper investigates the robust control of an isolated wind-diesel generation system
based on the LQG approach. The controlled system consists of a diesel engine that
drives a synchronous generator connected to an isolated load and the synchronous
generator is equipped with an automatic voltage regulator (AVR) and a static exciter
and also wind turbine driven SEIG, which interfaced to the load bus through DC-link.
A complete model, control design and simulations of this scheme have been developed
showing the ability of the controller to compensate both the wind power oscillations
and load disturbances. The local load bus voltage and frequency are governed by the
synchronous machine. The load bus voltage is regulated via controlling the field
current of the synchronous generator. Also, the load bus frequency is adjusted by
controlling the rotor speed of the synchronous generator which is adjusted by
controlling the diesel fuel flow rate ¢, which in turn affects the torque (mechanical
power) input to the synchronous generator and hence its rotation speed. The standard
Kalman filter technique has been used to estimate the full states of the system by
measuring only the currents of both induction and synchronous generators. The
proposed controller has the advantages of robustness, easy implementation and
adequate performance in face of uncertainties.
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Fig. 7: Dynamic response of the proposed system with a step change in wind speed.
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Digital simulations have been carried out in order to evaluate the effectiveness
of the proposed scheme. The wind-diesel energy system with the proposed controller
has been tested through step changes in wind speed and load impedance. The results
prove that the proposed controller is successful in regulating the terminal voltage and
frequency of a stand alone wind-diesel energy conversion system under wind and /or
load execursion.
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9. Appendix

Synchronous Machine parameters:

Rating: 2 KW, 208 V (line), 9 A, 4 pole, Unity power factor.

Constants: R=0.88 Q, R=67.0 Q, Lyg=58 mH, L,:=24.9 mH, L=L;=2.92 mH,
L|fd:2.92 mH

Ne : Nig =0.047: 1

Nge o Nyg = 295 :1

Nee i Nig=2.95 : 1

Wind turbine :

Rating: 1 kw, 450 rpm ( low speed side) at V,, = 12 m/s.

Size . Height =4 m , Equator radius =1 m , Swept area = 4 m?, p =1.25kg/
m’.

Induction machine :

Rating : 3-phase, 2kw , 120V, 10 A, 4-pole, 1740 rpm .

Parameters : R,=0.62 Q , R,=0.566 Q , L= L, =0.058174 H., L = 0.054 H,
J =0.0622 kg.m?,

f =0.00366 N.m./rad/s.
DCLink : R, =1.7Q, Ly = 0.15H.,

Self Excitation Capacitor:
Rating : 176 uf /phase, 350V ,8A.
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