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Abstract

Speed squirrel cage motor control is an area of research that has been in evidence for some time now. In this paper, a nonlinear
controller is presented for the squirrel cage motor drives, based on a combination between input-output feedback linearization
control (IOLC) technique and sliding mode control (SMC) to create a new control which is sliding input-output linearization (SIOLC)
control of squirrel cage motors which associates by an NPC five levels inverter PWM technical used for the variation of its speed, where
the sliding mode control it used for controlling the speed of squirrel cage motor and the input-output linearization control applied
for two input witch are flux and current. To test robustness and performance of sliding input-output linearization control (SIOLC)

we created a variation of internal parameters of the motor. The simulation results show robustness the sliding input-output

linearization control of squirrel cage motor responses.
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1 Introduction

Squirrel cage motor is one of most machines used in
most variable speed applications, because it has certain
advantages, such as ease of manufacture and mainte-
nance. It is also appreciated for its reliability and robust-
ness. However, the simplicity of its mechanical structure
is accompanied by a high complexity in the mathematical
model (multi-variable and non-linear) [1, 2].

Due to the significant influence of nonlinearities on
squirrel cage motor system dynamics, linear control tech-
niques are quite good, and they may not meet the system
specifications, mainly in the case of variable speed appli-
cations. Among these nonlinear techniques that ensure
high performance and global decoupling between the out-
puts to control whatever the path profile imposed for the
machine, one can mention the input-output linearization
technique and the other is sliding mode technique [3-8].

The input-output linearization control is an analyti-
cal design approach which aims to reduce the original

nonlinear problem to a simpler linear control problem.
The nonlinear control system is designed using a two-step
procedure [3, 4].

Firstly, a nonlinear process model is used to synthesize
a nonlinear state feedback controller that linearized the
map between a new manipulated input and the controlled
output. In the second step, a linear pole placement control-
ler is designed for the feedback linearized system.

The basic principle of sliding mode control consists in
moving the state trajectory of the system toward a pre-
determined surface called sliding or switching surface
and in maintaining it around this latter with an appropri-
ate switching logic. The design of a sliding mode control-
ler has two steps, namely, the definition of the adequate
switching surface and the development of the control
law (equivalent command and discontinuous command).
The sliding mode control can offer good properties, such
as insensitivity to parameter variations [9—17].
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Multilevel inverter offers interesting advantages such as
possibility of operation in medium, high voltage and high-
power applications, providing a better voltage waveform
with low total harmonic distortion for electric machines
applications [18, 19].

This article discus about combination between two
nonlinear controls which are input-output linearization
control and sliding mode control of squirrel cage motors
which associates by an NPC five levels inverter PWM
technical used for the variation of its speed.

2 Modeling of squirrel cage motor in dq rotating

The mathematical model of the squirrel cage motor is
used for analyzing the dynamic behavior of the motor.
The change in the dynamic behavior of the motor affects
the motor parameters such as speed, torque, resistance,
flux analyzing the change in performance of squirrel cage
motor (see in the Appendix). Dynamic model of squirrel
cage motor is derived by transforming the three-phase
quantities into two phase's axes quantities (Park trans-
forms). Mathematical equation of squirrel cage motor is
given below (dq rotating) wish rewritten in rotation refer-
ence frame [8, 9]:

dQ T, 1 1

—==-—-T-=fQ, o
da J J'! Jf

%:—l]xd+wvlsq+§qom+er(prd+GLLSVM, 2
d;;" — w1, ~Al, -wKg, —f(p,q +GLLSVW A
"%J—I —%wm (0, ,) 0, @
%z%lw —(w,=w, ), —%(prq, ©)

where T is the electromagnetic torque (N m), 7, is load
torque (N m), f is viscous friction coefficient (N m (rd/s) ™),
w_is stator pulsation (rd/s); w, rotor pulsation (rd/s), with:

L L L
T, =—", 0=1-—= ,Te:—p”’
R LL JL

r sr r

((prdlsq - (prqlsd ) >

where o is the scattering coefficient Blondel.
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3 Input-output linearization control of squirrel cage
motor

The choice of outputs is according to the objectives of con-
trol. The current is chosen as the first output while the sec-
ond output selected is the square of the rotor flux, so as for
tracking the purposed control trajectory [10, 11].

o

The time derivative of the system output /4 (x) can be
expressed as:

ylzh‘l(x)zlsq’ (7)

dy, _dh(x)_dl, @®)
dt dt dr’

dy,

E:th‘ (x)+Lglhl (x)Vsd +Lg2hl (x)Vsq’ (9)
dy K 1
7; = _Wslsd - }'Isq - WVK(Prd - T_¢rq + E I/S‘I : (10)

r s

The degree of & (x) is 7, = 1.
The time derivative of the system output /,(x) can be
expressed as:

v =h(x)=¢], (H)
dy, _dh, (x) _de! (12)
dt dt dr

d

%:L‘/hz (x)+Lglh2 (x)Usd +Lg2h2 (x)USq’ (13)
(Pyz = ‘Pyzd +q)r2q’ 9

2
(prz = ‘[_(Lm ((pdr[xq + goqt‘[s-d ) _(qprzd + (przq )) (15)

r

Note that for a controllable system, the total relative
degree is defined as the sum of all the relative degrees,
it must be less than or equal to the system order, » < n; with
«n» as the system order, and r is total relative degree [6, 7].

In the case of the squirrel cage motor system, it is easy
to verify that the control can't appear for the first time
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in the first derivative of the outputs y, so we derivative
the outputs dy,/dt for the second time that presented in
Egs. (16)—(18) [10]:

d’y, _d’h(x) _d’¢; (16)
dt dr? dart -’

d2

7y22=Ljh( )+ LyLhy (x)Vy + Lo L by (X)V,,  (17)
d? 1

i:(z{r—j (2+4L, )J((p,dﬂp,q)

( ) (prdlsq + (pdrlsq ))

[[ (TLI J [ML )](‘Pw’sqwdﬂsd) (18)
( [ jzj La+l isz ne

2
L 2pL, 2pL,
JLoL,

?,.V,

The degree of £,(x) is r, = 2.
The global relative degree is lower than the order n of
rotr,=3<n<s5.

The relation between the input (V,, Vsq) and the output
(»,,»,) is given by Eq. (19):

the system » =

d2y1
d{’; | :A(x)+D(x){2j, (19)
dr?

“h(xq
A(x)=| ] , (20)
(X) thz(x)
L (x)=-w,I, AL, -w Ko, —fw,q, @1

(=2 L] o) o i)

+(2pL )(Q((prdlsqwdy L))

T

(22)

D(x): lthl ngthl , (23)
_LglthZ Lg2L./'h2
[ 1
’ oL
(e}
D(x)= * . (24)
O i 2
L JLoL, JLoL,

The nonlinear feedback provides to the system a linear
comportment input/output:

dy,

dt _ |:V1 :| (25)
dz)’z Y, ’
| df?

Z"} -D" (x){vvl _i{ Z‘ ((’;)J (26)
L~ as 2 2

4 Current and flux linear control

The internal inputs (¥, V,) are definite [9, 10]:

- dhld(x) _ d;sq , 27)
t t
_ dzyz — dz(prz (28)
oA di?
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> d
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The error of the track is given by flowing equation:

de
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+K22 ((przref _(pf)_l‘i‘hz (x)

where the coefficients K|, K, and K, are choosing to sat-

11°
isfy asymptotic stability and excellent tracking [1]:

sqref

(dz dl,
di dr

) + K,y (L =1,,) =0, (40)

d2 2 ) 2 d 2 ) 2
( (pr”.’/ _d(pr J+K21( (pr”.’/ +d(i0r

dr’* dt dt dt (41)
+Ky ((przref _(Prz ) =0,
where:
2 2 2
d[xqre/ _ 0, d q);)ef — 0’ d(prref _ 0
dt dt dt
From this we can see that:
dl.
7;‘1+K11[xq = Klllxqrcf/" (42)
d,p; do;
;t +K,, di + K0, = KZZ(Przref' (43)
2

From Eq. (42) and Eq. (43) the current and flux transfer
function given by Egs. (44) and (45):

I 1
’ 44
[,s‘qref 1+ L p ( )
11

Qorz _ K,

= . 45)
Drrer Ky, +Kyp+p,
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In closed loops, the current transfer functions have
first-order dynamics:

K
1+7p

FT, = (46)
In closed loops, flux transfer functions have second-or-
der dynamics:

FT,=— % . @7)
wnZ + 2g(’onZlJ + p2

From Eq. (44) and Eq. (46) and with identification:

1 1 3

T=— =K ==, 48
nITTT (48)

K

11
with T =3 T(+ 5%), where T is the response time, and 7'is
the time constant.

From this we can see that:

T=—o, 49)
£w,,

r-L__1 (50)
3 3ew,

K, =3s0,,, (51)

with w =3071d/s, & = 1, the value of K|, will be: K, = 60.
From Eq. (45) and Eq. (47) and with identification:

K, =2ew
2 =

with @ = 60 rd/s, the values of K, and K, will be:

K, =120
K, =3600°

5 NPC five level inverter

In conventional multilevel inverters, the power semicon-
ductor switches are combined to produce a high-frequency
waveform in positive and negative polarities.

The general structure of the multilevel inverter is to syn-
thesize a sinusoidal voltage from several levels of voltages,
typically obtained from capacitor voltage sources. The mul-
tilevel NPC inverter starts from three levels [13-20].

The most commonly used topologies are neutral-
point-clamped (NPC). In neutral-point clamped inverter
the DC-link is split into many numbers of smaller volt-
age levels using a series bank connected bulk capacitors.
The inverter structure does allow the connections of the
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inverter poles to any of these voltage levels, thus creating
a multi-level voltage waveform at the output [20].

An NPC three-phase five-level converter have a com-
mon DC bus, it consists of eight switches connected in
series, six median diodes, each switch consists of an IGBT
and an antiparallel diode, four capacitors and one DC volt-
age source (Fig. 1).

These switches must not be opened or closed simultane-
ously, in order to avoid a short circuit of the DC source of the
input of the inverter, or the opening of the inductive circuit of
its load. The floating diodes (six per arm) ensure the applica-
tion of the different voltage levels at the output of each arm.

The continuous input bus is composed of four capaci-
tors (C,, C,, C, and C,), making it possible to create a set
of three capacitive middle points. The total voltage of the
DC bus is V., under normal operating conditions, it is
uniformly distributed over the four capacitors, which then
have a voltage ¥ /4 at their terminals [17].

The levels of output voltage are V, ./2, V,,./4,0,=V /4,
—V, /2. Although this topology uses only one DC voltage
source [14, 15]. A five -level NPC converter is able to pro-
duce five levels of line to line voltage and three levels of
phase voltage. This NPC converter reduces harmonics in
both voltage and current output [12-16].

To obtain the five voltage levels, switches are following
switching states as shown in Table 1 [16, 17].

6 NPC pulse width modulation strategy
Among all the available switching strategies, pulse width
modulation (PWM) technique is the most desirable choice

Table 1 switch states for NPC five level inverter

States of switches
, , , . Voltage levels
K, K, K, K K, K, K, K,

11 1 1 0 0 0 0 Vie

o 1 1 1 1 0 0 0 Foe
4

o o0 1 1 1 1 0 0 Voe
2

o 0o o 1 1 1 1 0 0

o 0o o o 1 1 1 1 Voe
4

due to its flexibility in switching sequence design to suit var-
ious types of inverter topologies. For a multilevel inverter,
carrier-based phase disposition pulse width modulation
(PWM) is a common strategy. PWM strategy is imple-
mented by using four triangular carriers and three reference
signals. Four carriers with the same frequency, amplitude
and phase angle are disposed as the upper and lower four
layers, labeled as C|, C,, C, and C,, which are symmetri-
cally distributed in the two-side of the horizontal axis, and
compared with a sine modulation wave (Fig. 2) [18].

The modulation strategy for NPC five levels inverter
(Fig. 3). PWM strategy is applied for arms. In Fig. 4, C,, C,,
C, and C, are triangular carriers of three arm (a, b, ¢), V. rep-
resents modulation wave of arm a. The phase of C, and C,
are opposite with C, and C,. When the value of V is higher
than C, K, and C,, K, are switched on. When the value of
V' is lower than C,, K, and C,, K, are switched on. In the
other case, K,, K,, K, and K, are turned on, and the output

52 -m
S3
powergui
54
e $5
Va 56
57 A2 vab
58 Vab/ Vab
59

[—

SPWM Pulses1

Fig. 1 NPC five-level inverter structure
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Fig. 3 Output voltage phase of NPC five levels inverter
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Fig. 4 Output voltage line of NPC five levels inverter
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level is 0. Similarly, C|, C,, C, and C, are triangular carriers
of arms b and C, V, represents modulation wave of arm b
and V_ represents modulation wave of arm C. Same principle
appliqued for arm « is appliqued for two arms b and C [18].

In Figs. 3 and 4 we can clearly observed the five level for
one output phase and one output line generated by the NPC
inverter. In Fig. 3 the positive voltage levels corresponds to

0, Voo /4, Vo /2,3V,./4, V., all totaling, while the nega-

DC’
tive output voltage level corresponds to 0, =V, /4, =V /2,
—3V,./4, V, all totaling, all totaling to a five levels.

Fig. 5 shows that there are two control inputs for the
given system, one control input is used to regulate the
input speed Q and the other is for the flux ¢ ; we should
have two outputs (¥, ¥, ) for input-output decoupling.

The input-output linearization control composed for
different controls: the first one is the nonlinear functions
A(x) and D(x) which are drawn by using Lie derivatives,
where A(x) is given by Egs. (21) and (22) and D(x) is given
by Eq. (23). The second controls are the new inputs (V,, V)
which are given by Egs. (31) and (32) and the third com-
mand is state space modification of coordinates whish are
given by Eqgs. (7), (10), (14) and (15).

The final command is decoupling matrix of the
input-output linearization control of induction motor
which is given by Eq. (40).

7 Speed sliding input-output linearization control
The motor speed Q should track a specific reference speed
Q,, with presence of load torque [9-11].

The system is controlled in such a way that the error
e(t) = qu ,— Qand its rate of change always move towards

0

L [opeed]

Vsd Vsq Vb |+

Var

NPC fix'e level

n

)
Squirrel cage mturh
N

Ve —|_>

Crl

|l

®—|—b Isqref
Isqrgf)—,—» priref v » v
*Isg v2
reference fiux Vsd
oreror or s L) | Ly
—»|dervdt v2 —»|L*h2(x)
Isg/dt — > Lgifh1
"J internal output | Lg2fh Vsg
(Eq.(31)and Eq.(32)) aling
Lg2fh2
DECOUPLING
(Eq. (40))
dy2/dt=dpr¥/dt =Lfh2(x)
y2=¢r’ =h2(x)
, gar,prp,isa ,isp,Usa ,Usp)

dy/dt=dlsq/dt =L fhr

y1=isq =h1(x)

Eq.(7), Eq.(10),
Eq.(14) and Eq.(15)

@
X{Q.ord.org,isd,
isq,\/sd ,\Vsq)
Lg2Lh2
Lg1Lfh2
Lg2Lfh1 L
LgiLh X{Q,par,prB,isa, is,Usa ,Usp)
Lh2(x)
Lfhifx)

Non linear function(A (x)) and D(x))
Eq.(21) ,Eq.(22)and Eq.(23)

Fig. 5 Input output linearization control of squirrel cage motor
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a sliding surface. We take n = 1, the speed control mani-
fold equations can be obtained as [11, 12]:

S(Q)=Q,, -Q (3)
ds(Q) _d?, da (54)
dt e dt
rL,
7; = JL, (prd[sq’ (55)
a@_ 1 1, 1 (56)
a J J'J

Substituting the expression of 7, defined by Eq. (51) in
Eq. (52), we obtain:
dQ pL,

dr JL,

1 1
(0ul)= 5T == 10 57)

Substituting the expression of dQ2/dt defined by Eq. (53)
in Eq. (50), we obtain:
dS(Q) _ de@f‘ me
o drJL

1 1
(qordlsq)+77} - fQ. (58)

Substituting the expression of I, by the command
clearly appears in Eq. (54):
dS(Q) dQV@f me

1., 1
= I94+1" )J+=T +— fQ. (59
dr dr JL 0 (1 +13) J! Jf

During the sliding mode and in permanent regime,

where the equivalent control is:

aQ,, L
(B Ly Lyg) L o
da J ' I nL, e,
Consider de Lyapunov function:
4 :15(9)2. (62)

2

From the Lyapunov theorem, we know that if dv/dt is
negative definite, the system trajectory will be driven and
attracted toward the sliding surface and remain sliding on
it until the origin is reached asymptotically.

dv:S o ds(Q)

“r 63
0 (Q) o <0. (63)

During the convergence mode, the condition must be
verified. We obtain:

dS(Q) pL
N mgy 64
dt JL, Ora ©9

The correction factor (discontinuous command) gives
by Eq. (65):

Il =K, sat(S(Q)), (65)
where:

S(Q) if [S(Q)| <0
car($(62)) = éS(Q) if [S(Q)>0 (©)

we have:
S ( Q) Fig. 6 shows a combination between the sliding speed
S (Q) =0, ” =0, I, =0, (60) control (SM) and input-output linearization control (IOLC)
t . .
of squirrel cage motor that gives new controller named
I
| »[speed]
o &D)
Isqref »| Isqref v J
—{T or
—odr (1—»|orrer vi »|v2 Vsd R !
reference fluk| Isq Lih1{x) Va ‘r |,
Speed Sliding priref | disq/dt ‘ —>{L*h2(x) He
Mode control » or v2[— ¥ Lgti1 Ved Veq Vi squirrel cage mdtor N
dpr¥/dt Lg2h1 > [
’—. internal output —{Lgtih2 Vsg Ve 1|_>‘
(Eq.(31)and i
Eq.(32)) I SN __\_L'
DECOUFLING (Eq. (40))
— @
X[ prd.prq,isd,
isq,Vsd ,Vsq)
Uigarmaz
dy2/de-derar ~Lh2(x) U igrime
" —y2=pr’ =h2(x) A e ey _: t‘q::tz: X(Q,Ws,dr,pqr.isd, isq,Vsd ,Vsq)
dyvidt-asqite L] oI e o) (] T 4
— y1=isq =h1{x) ——Lfh1(x)
Eq.(7), Eq.(10), = =
I{'UITI—"J|“ quF[1]4] :n[d E]q.[15] Non linear function(A (x)) and D))
L Eq.(21) ,Eq.(22)and Eq.(23)

Fig. 6 Block diagram of the sliding input-output linearization control of squirrel cage motor



by sliding input-output linearization control (SIOLC).
The output of sliding speed controller delivers a reference
current which will be an input for the internal input ¥, of the
input-output linearization control of squirrel cage motors.

Fig. 7 shows the subsystem of combination between the
sliding speed control and input-output linearization con-
trol. The sliding mode control used for controlling speed
of squirrel cage motor, the output of this controller is input
for input-output linearization control.

8 Result and discussion

In Fig. 8, the machine is applied with a load torque of
10 N m in a time interval [0.26, 0.75] s and [1.91, 2.3] s;
the direction of rotation of the machine is reversed from
157 rad/s to —100 rad/s in time 2.79 s. When the motor is
started with the reference speed 50 rad/s in the time interval
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[0.05, 1] s, it can be seen that in the input-output linear-
ization control the speed returns to its reference after over-
shooting during the transient regime. When the direction of
rotation is reversed, the speed overshoots and then follows
its reference in the steady state. The load torque application
causes a slight decrease in speed, which is quickly rejected.

The simulation results show that the sliding input-out-
put linearization control (SIOLC) is robust to the variation
of the reference speed, since the speed follows the refer-
ence speed at start-up as well as the reversal of the direc-
tion of rotation, in a very satisfactory way, the application
of load torque does not influence the speed response.

In the Fig. 8 (a) and (b) the sliding input-output lin-
earization control (SIOLC) ensures the robustness of this
technique to high and low speed variations as well as the
application of load torque (7, = 10 N m) in time interval

Speed Sliding Mode Control
G e
0
Q e ‘Ll ki1
pdr
Do i Eq.(40)
r ulB] disqrefidt o
e[ 1 ufflra(Zr-ul4]ie 3} el E]-uf4] u 50
Eq.(7) J ved
> -ul2l u[SHamda’ul6]-p" K u[1]" ul3]-KITruf4] doridt A5 s eezr st -{E}
a
KO WS Eq.l_"l n) H (0 Ws pdrpqr isd.isq,Vsd Wsq) Lini(x]
g L ur2nppP2
i Eq.(21)
qu:14} - K0 WS, pdr.pgr.isd, isg.Usd Usq) L‘Ihztx]}
S 2R (U] 2403 22 AL M (u2] w4 3] uls]) Eqg.(22)
LgiLfhi f—
Eq.(15) |.g'.1|.1'|-nJ
X[, Ws,pdr.pqrisd, isq,Usd ,Usq) LptLma i
Lg2Lth2
Eq.(23)
Fig. 7 Subsystem of sliding input-output linearization control
200 : : : R " 50 ; ' T
150 - = = W-ref m /\/\'\
~
—_—- A ~
100 W-IOLC g 01 Ao Ay / v \ W,
= Load torque(Tl)
P -
» 50— b ]
=~ I g_ -50 1
g 0 n
2 50 160 | 5
&7 155 £ —-100 —error speed —-IOLC 1
-1001 159 V 1 o —error speed-SIOLC
gL 0 05 1 18 2 22 ‘ ‘ -150 . . :
0 05 1 15 2 25 3 35 4 0 1 .
time(s) time(s)
@ (b)

Fig. 8 Speed and error speed response (IOLC, SIOLC); (a) Speed; (b) Error speed
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[0.26, 0.75] s and [0.91, 2.3] s. Concerning the input-output
linearization control (IOLC) can lead to a degradation of
the expected performances mainly regarding the tracking
of the reference speed and the application of load torque.

From Figs. 9 and 10, it is clear that SIOLC performs
better and is more capable to force flux and torque to track
its reference, which means the robustness of SIOLC is
stronger in comparison to IOLC that reduces the robust-
ness of the system.

The currents generated by the squirrel cage motor with
the IOLC and SIOLC strategies are shown in Fig. 11 (a)
and (b). One can clearly see that the SIOLC proposed tech-
nique significantly improve the current quality compared
to the one obtained with IOLC. We notice that on the zoom
of Fig. 11 (a) of rotor current by the strategy of SIOLC con-
trol less ripple and oscillation on its response compared to
the zoom of Fig. 11 (b) of IOLC control where we observe
remarkable ripple on the rotor current response.

Fig. 12 (a) and (b) show the stator currents generated
by the squirrel cage motor with the IOLC and SIOLC
strtategies.

Results obtained from zoom stator current Fig. 12 (a)
shows remarkable ripple on the stator current response
which is given by the IOLC command, unlike the SIOLC
command can see less ripples on the stator current given by
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this technique (Fig. 12 (b)), we will conclude that the com-
bination of SMC with the IOLC gives us a new command
which is SIOLC which improves the responses of the phys-
ical parameters of squirrel cage motor given only by IOLC.



8.1 Test rebstness

The results confirm the performances obtained by SIOLC
via the variation of the rotor resistance (R ) in the time
interval [1.2,2.5] s. Fig. 13 illustrate the dynamic response
of the rotor speed of SIOLC and IOLC. SIOLC shows that
the speed follows its reference with remarkable accuracy
against rotor resistance (R ) variations at high and low
speeds compared by IOLC that we show an undulation and
overshoot on speed response.

From Fig. 14, SIOLC shows that the torque response is
not influenced by the variation of the rotor resistance com-
pared to IOLC where the torque response contains ripples.

Fig. 15 (SIOLC) shows that the flux response is not
influenced by the variation of the rotor resistance com-
pared to IOLC where the flux response decrease during
the variation of rotor resistance.

9 Conclusion

Two nonlinear controls are presented in this work to con-
trol the asynchronous motor which is directly linked by a
five-levels NPC inverter PWM technical for the variation
of its speed.

In this paper, we present a study for the combination
of two nonlinear controls, one is the sliding mode con-
trol and the other is the input-output linearization control
to have a control named by the sliding input-output lin-
earization control, the performance of the SIOLC strategy
includes the rotor resistance and load torque variations.
We validated this method by simulations on a nonlinear
model of the squirrel cage motor. The obtained simulation
showed that the SIOLC has excellent robustness to para-
metric uncertainty and disturbances.

The simulation results show that SIOLC is an excel-
lent solution for improving the performance of physical
parameters of squirrel cage motor in terms of tracking
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Appendix

The main parameters of squirrel cage motor are given in
Table Al.

Table A1 Squirrel cage motor parameters

Motor parameters Value
Number of pairs of poles (p) 2
Rated power (P) 1.5 kW
Stator rated frequency (1) 50 Hz
Stator rated voltage (V) 220/380 V

Stator inductance (L) 0.274 H
Rotor inductance (L,) 0.274 H
Mutual inductance (L) 0.258 H
Stator inductance (R ) 3.805Q
Rotor inductance (R/_) 481 Q
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