CHAPTER 5

SENSORLESS CONTROLLER DESIGN FOR THE NINE-PHASE IPM

designed based on the main component of the machine circuit. After modelling the nine phase
converter the controller is designed using the minimum copper loss strategy. The current regulators
are also designed using the regular dynamic equations of the machine in the rotor reference frame.

To implement the precise control to the machine the rotor position is needed, therefore the position

338






S, S 1
Sp S 1
S, S, 1
Sp Si 1
S, S. 1 (5.1)
Sy Sm 1
S Sp 1
Sp S 1
S S 1

"KHUHp Tub QN IBBUH WKH VZLWFKLQJ IXQFWLRQV RI WKH WR

H[T RI WKH LQY H UWtdgdd of hinv@teReah\beSxpMésed as:

Vie “E(S, S.) Vao (S, Su) Veo (S, Sy

Voo “£(S, S Veo Sy S Vee “2(S, S 52
Veo “E(S, S) Ve (S, S Vo (5, S

V,. 200V

Using equation (5.1), the voltage equations can be rewritten as:

— (5.3)

KHUH WKH VZLWFKLQJ IXQFWLRQ 8/ fvdie evpRsSio’/ ZLWFK R

for the modulation index can be written as:
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S, 051 M X ab,cde f,gh,i

Xp !

(5.4)

| 71 2 min 1 max
Where: prﬂSUHVHQWV WKH UH|HUHQ\ﬁ“HﬂYLRDWK)HHPLFQU_F5)KFD\YB(

the nine phase set, ¥, 1 WKH PD[LPXP YDOXH RI WKHTIOUL Q@ \BK DV M H(H

equation (5.5).

D %[1 sgn[cos(9 & 4] (5.5)

:KHUHZlIl LV WKH I[UHTXHQF\ RI WKH: ¥ RFPW Refy | &YGRIGW. [DIH V L
modulation index.

Substituting the switching function of equation (5.4) in to the voltages of equation (5.3)

results in equation (5.6).
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2
_b

Bn dc 2
[

Cn dc 2
_d

Dn dc 2
e

En dc 2

(5.6)

f
Fn dc?
_9

Gn dc 2
_h

Hn dc 2
_ i

In dc 2

Since the machine is controlled in the rotor reference frame the inverter, voltages also

should be transformed to the rotor reference frame.
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(5.7)
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Equation (5.7) can be represented as equation (5.8).
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Where:

[e]

o
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5.2.2 Controller Design

In this section, relationship between the reference currents of the q and d axis is generated.
The q axis current reference can be generated from the speed controller loop and the resulting
current can be used to generate the d axis current. The desired d axis reference current is generated
based on the minimum copper loss strategy that is derived using Lagrange optimization method.
The proper relationship between g and d axis current can be derived based on the machine equations
in the rotor reference frame. From chapter 3 the machine equations for the salient pole (IPM) in the

steady state conditions are:

Vqlr rsi qlr Z( Qr)
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The stator copper loss can be defined as:

. 2 . 2 (5.13)
I:?oss er Laar Iqlr

346



| gar Iqlr

( quql I—dldl )I qlr [( quql I—dldl )I dir gmdlr ] (5. 19)

Equation (5.19) results in:

2.0 (5.20)

2
( 11 11)1 1 1 ( 11 11)1

The equation (5.20) is representing an ellipse. Using MATLAB/EZPLOT the ellipse could

be plotted as Figure 5.2.
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qlgl Ldldl) E

7TKH HTXDWLRQ FRXOG EH FRQVLGHUHG,DV D TXDGU
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Figure 5.3: The speed controller loop.

Substituting the electromagnetic torque to the equation (5.26) results in:
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quql Ldldl 2Iqlr4 @ @ TL delr I qlr @_P

(5.29)

The PI controller for the speed controller loop can be designed using the mechanical

dynamic equation as:

Ki
pZ §KpZ ?Z

X z Z (5.30)

1

The above equation results in:

pZ iz

(5.31)
pZ Ki z

NN

By setting the denominator of the transfer function to be equal to the second order

Butterworth polynomial the controller coefficients can be designed [161].

S K,S K. p* V2pz % 532

The speed controller loop has to be at least 10 times faster than the desired rotor speed
profile [157]. The final desired speed profile is a trapezoidal waveform that has the frequency of up
to 0.05 (Hz). Therefore, the frequency of the speed controller loop has to be selected bigger than
0.5 (Hz). Setting fi; L ythe correspondent relationship between the denominator of the transfer

function and the Butterworth polynomial yields:

K,. J2zZ 7J2 (5.33)
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5.2.4 Current Regulator Design

Using the dynamic equations of the g and d axis voltages in the rotor reference frame, the
current regulators for controllingthe p fand |iy;, tan be designed. The equations are repeated

here from chapter 3.

‘ (5.35)

(5.36)
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Kiq >0 K. 104
L % o iq

qlal

(5.45)

The d axis current controller also can be designed as:

Fdar  Plyadar @& Kaslar g, (5.46)

Figure 5.5: The d axis current regulator.

According to the Figure 5.5 the -, . can be considered as a Pl controller according to

equation (5.47).

I‘<id '
Kas _z)(pd 'S 1 (5.47)
- - KI ek -
rs,ldlr pLdldlldlr Q;s gpd —4 il dir  lgqp (548)
. . : Ky Ky«
Felarr  Plygalar  Kpdlaw ?Ildlr i(pd _SI il dir (5.49)
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“ rs pLdldl Kpd Sd pz p rs Kpd Kid
I—dldl Ldldl

The denominator of the equation (5.50) can be set equal to the second order Butterworth

polynomial to obtain the (K, fand 1Ky 1

J2 pd (5.51)

5344 ET BT 164 o

By substituting the Lq414:=0.0012 (H), the controller coefficients can be calculated as:

Ky V2ZLuy T, ~2 1200 10.0012 0.01 0.3294 (5.52)

pd
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measurement and the flux linkages ( qir D Q &) are calculated using the stator inductances and
feedback currents. Since the load torque is not known the T is set equal to zero which means the

load torque will be the system disturbance. In this procedure the exact position of the rotor flux

linkage ( f) is needed. The goal of the next sections of this chapter is to design an estimator to
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g (MT) a, acos2(M ) a,cos6(M T)

a,cos10(M T) a,cosl4(M 1)

(5.58)
b b b
a b a - ~ a =
aO :al y 2 31 51 4 7
18 1 181 1
a =32 =~ p =322 =
2@ Ot 2@, 9.

Using the Fourier series of the winding function, the air gap function and also the equation
(3.4) the self and mutual inductances can be expressed as equation (5.59) [87].

2 2

L 2 Pri[a,(Ncos(k j)D Né cos7(k j)D N2—55c035(k )L

N—3c053(k D 1(aiNf)(:os( 2(k )D 27)
9 5 (5.59)

1,a,N,’ . 1 a,N,’ .
2( ycos( 6k(k J)D 67) 2(—25 )cos( 10k(k j) D

10 7) ( N, S)cos( 4k(k )0 14 D), D %9

KHUH 3N DQG pMYT UHSUHYVH Q acowliKgHio PabDI&EXKLL @H a@ Ki® VH Q X P

coefficients of the Fourier VHULHV RI WKH DLU JDS IXQFWLRQ NMUHVHQW

represents the coefficients of the Fourier series of the winding functions. For example, the self-

LOQGXFWDQFHV R hba/pes@Kab dtigndsI608. D
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(5.62)
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a (0]
a0 Cog ) 450 24 ° (5.69)

« » E:Oq t _) » I‘s «  » p « >
-3 Ve & s 97, s Ya  -asd
The q,d, flux linkage equations are:

aQ 0 q_q3 0 oe'}q3 o
« » K« b3 >
2y, 0 Ly 1223 1

The equations (5.69) and (5.70) result in:

(5.70)
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A low pass filter can remove any remaining high frequency noise that may still lingers in the
equation (5.86). The output of the filter has a variable magnitude which varies with the rotor speed.

Normalizing that can be done by using the equation (5.87).

a3 - g3 (5.87)

Equation (5.88) presents the signal after normalizing. This signal can be used as the input of
the observer.

i i67 ) o 67 ) (5.58)
nga

5.4 Design of the Position Observer

5.4.1 Design of the Luenberger Observer

The high frequency voltages injected to the stator windings of the machine can generate the
position dependent signal which is used for the estimation. To extract the information carried by the
high frequency current a proper estimator needs to be designed. The mechanical dynamic equations
of the rotor can be used for designing the position estimator.

Based on Figure 5.7, the mechanical dynamic model of a rotor is:

2J
FDZ B T, T, (5.89)
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Figure 5.7: The rotor of the machine.

The dynamic equations of the rotor are presented in equation (5.91). Using that, the observer
can be designed as equation (5.92) which is the standard form of a close loop observer [160]. In
WKLY HTXDWLRQ p$yf UHSUHVHQWYV WKH VA\VWHP PDWUL[ u%T |
M&YT LV WKH RXWSXW PDWUL[ DQG u;f UHSUHVHQWYV WKH VWD\

(5.91)
CX

X a0 BU Ky O (5.92)

In the equation (5.92) the term @is the estimated state variables. The error between the

estimated and real state and also the derivation of the error are:

e X X (5.93)

e x X 694

Substituting the : @nd From equations (5. 93) and (5.94) in to the (5.92) results in:

e AX BU AOBU KX OQ (5.95)
Rearranging the equation results in:

e AX XO KX ©& Ae KCe (5.96)
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The standard form of mechanical dynamic equations can be written as:

azo *PB (%70 2P ° @P °
Pur» €23 Py 93T 93 (5.97)
s oy, 0

The observer is a closed loop one. According to the equation (5.88) the input signals carry
the information of the position, therefore to be able to compare the output and the input, the output

of the system has to be the position. Based on that the output is defined as:

v > @r t)J (5.98)

!

Substituting the mechanical dynamic equations to the observer equations results in:

5 PB 5 P (5.99)
p X ZJ@KlfszTeTL

0P DK T 6100

Using the equations (5.99) and (5.100), the position estimator can be built according to

Figure 5.8.

To design the observer gains ( K, K,) the characteristic polynomial of the observer is

needed. The characteristic polynomial of the observer can be derived using the procedure outlined

below.
The errors can be defined as:
q Z g (5.101)
e, T f (5.102)

Therefore, the derivative of the rotor speed error can be shown as:
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(5.108)

By defining a new state variable as equation (5.109) the state space equations of the observer

can be represented as equation (5.110).

pe e (5.100)

«
«
«
1Y
»

(5.110)

N A ]

The characteristic polynomial of the estimator can be derived as:

PB 0

«O E Kpl KIl >

|(D Al 2 1 (o) sz 0 ; (5.111)
« 0 1 O>
« 3

s _ PB BKp, '
K 2316 ®, &, K, O E)§K2 2J1 X Koy Ko (5.112)

Setting the above equation equal to the third order Butterworth polynomial [161] results in:

BK,, " (5.113)

b b%( p]_;
2J 1 o 2] i

K, &®2z206 22,0

The mechanical parameters of the machine can be found in the Table 5.2 [153].

Table 5.2 The mechanical parameters of the machine.
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Z!' T e 11 (5114
8VLQJ WKH HTXDWKEKRIQLV V HOMKN\(rHdEeY Fhelgfore, using the

equation (5.113) the coefficients of the observer can be designed as:

PB . BK,, .
© bg"z 2J 1 ©2Jp “or s
(5.115)

® 1000 & 500000 O 125000000

(b)

Figure 5.9: (a) The block diagram used to extract signal for observer, (b) The Luenberger

observer.
Substituting machine parameters from Table 5.2 in to the equation (5.115), the different

coefficients of the observer can be calculated as:

(5.116)
2 o 1000 0, 999.9
BK : 5.117
il ZJPZ K, , 500000 o K, 499900.1 (G117
© 1
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K,, 125000000 (5.118)

7TKH LQSXW RI WK AKXOH WKHVREVHUYHU LV IHG ZLWK W]
high frequency signal injection. The input signals which are derived in the section 5.2 have the form
of the equation (5.88) by separating the real and imaginary parts of the signal they can be shown as

equations (5.119) and (5.120) respectively.

i SiNE7) (5.119)

ind3 C0q6 D
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magnitude to bring the magnitude to unity. The second part is heterodyning to compare the input
position with the estimated one and calculate the error between the input angle and the estimated
angle. The third part is the PI controller of the observer to force the observer to operate at zero error
in steady state. And the last part is the mechanical model of the rotor to calculate the rotor speed

and the rotor position.
5.4.2 Design of the Low Pass Filters

According to the Figure 5.9 the observer also has a low pass filter which removes the extra
high frequency components of the signals after the heterodyning process. The low pass filter

general form is presented in equation (5.124).

Zn
2 2/zS 2.
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5.4.3 Robustness of the Observer
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3 3 305(6 )6 ;co3(6 )

s 3SIn(3 ) 05 ,; ,sin(3 )
,8in(6 )6  ;sin(6 ) ,c08(6 )6 ;€0s(6 )
05 , ;sin(3 )
,sin(6 )6 ;sin(6 ) ,C0s(6 )6 ,C0s(6 )

05 , ,sin3 )’
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Figure 5.13: The flow chart for the filter.
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P K, T1 z' % 2K, 1 2" T1 2 ° JK,21 z'°T1 2!

_F . (5.159)
H 2J1 z*
And from there:
2P 2P 3z 322 z3 K, T°1 3z! 3z2 z°
(5.160)
2K, T?1 z*' z? z° 4TXK,1 z' z°* Zz°
O 0/1 6 © 2 2 6 3 =
3 ,° 1 3 ,° 2 L 3 2 ,°
2 |2 1 2 ,° 2 2 | ° 3 4 , (5.161)
4lé ) 1 4 , 2 4 ) 3
Where:
(5.162)

Using the Equation (5.162) the flow chart of the observer can be presented as Figure 5.15.

5.6 Sensorless Nine-Phase IPM Drive
In this section, the performance of the designed position observer and the controller are
verified wusing simulation and experimental results. The simulation is done using
MATLAB/Simulink and the experiment is done using DSP-FPGA controller.

5.6.1 Constant Volt/Hz Open-
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addition to the fundamental voltage under a constant Volt/Hz (v/f 1.8) open-loop operation.
The high frequency voltage (980Hz), (5V peak) set is injected in the third sequence channel of the
machine. In simulation the initial speed of the machine is set at the negative rated and it increases
to zero and after a short stop, the speed increases to the positive rated speed. Similarly, the proposed
rotor angle estimation method has been implemented on a 2hp, nine-phase IPM using a DSP-FPGA

controller which controls the machine via a nine phase voltage source inverter (switching frequency

of 6 kHz).

(Zart
>
|—|_==4, K1=3,G1=2,H1=1

3!

2

Vg
1 hd
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=0

DI DI IO )
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Figure 5.16: Simulation results for the nine-phase voltages applied to the stator windings.

The discretized model of the observer has been implemented in the DSP (DSK
TMS320C6713). The current sensors are connected to the controller with nine Analog/Digital
converters with the sampling rate of 50 kHz. After generating the high frequency voltages inside
the DSP they are sent to the FPGA which generates the PWM pulses for the inverter. Figure 5.16
and 5.17 show stator voltages after high frequency injection for simulation and experimental results

respectively.

(5.163)
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Figure 5.17: Experimental results for the nine-phase voltages applied to the stator windings,

Nine-phase currents of the machine for simulation and experimental results are shown in

Figures 5.18 and 5.19 respectively. From these figures, the effect of the stator magnetic saturation
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(©)

Figure 5.19: Experimental results for the nine

It is noted that since the high frequency currents are extracted using the sequence analysis

in the stationary reference frame, there is no need for heterodyning and high pass filtering of the
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high frequency parts and also they are normalized to have unity magnitude to be compatible with

the observer.

Figure 5.28: The third sequence of the current in stationary reference frame (i3, ia3) after

heterodyning and filtering (simulation results).

Figure 5.29: The third sequence of the current in stationary reference frame (igs, ia3) after

heterodyning and filtering (experimental results).

The resulting currents after, filtering and normalizing, are shown in the Figure 5.30 and 5.31

for simulation and experimental results, respectively.
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Figure 5.30: The third sequence of the current in stationary reference frame (ign3, ian3) after

normalizing (simulation results).

Figure 5.31: The third sequence of the current in stationary reference frame (ign3, idn3) after
normalizing (experimental results).
In the third harmonic currents, the measured currents show more ripples than the simulated

ones. The ripples are mostly coming from sampling noise of the prototype.
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the negative, positive and also zero rotor speed regions the rotor position observer follows the rotor

position precisely.

(b)

Figure 5.33: (a) The estimated and measured rotor angle (experimental results), (b) The estimation

error (experimental results).
The error of the position in Figures 5.32 (b) and 5.33 (b), are mostly due to the natural delay
of the observer and the filters. It can be seen more clearly at the moments when the angle jumps
EHWZHHQ p 1 DQG p ET $W WKHVH PiReB AtQaN Shebll, Kvhentthetd) RU D S S

IS no jumping, the spikes cannot be seen. Figures 5.34 (a) and 5.35 (a) also show the estimated
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(a)

(b)
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The simulation and experimental results for vector control are presented in this section. The
simulation and experiment run for 20 seconds and the load is a damping load according to equation
(5.164). The speed reference is a trapezoidal one that starts from zero and covers positive and

negative rotor speeds.

T, 0017 (5.164)
(&)
V€
Vqut.
n Vabc...m Vd3SI.
Controller T(T) Vs
Vst Vabc...m
Vst T 1( %—) IPM
VdSSL
Vq7s&. [
) \\/;::I I abc..m
£
k&
X Observe locost
£ L)
qulr '
. L

Figure 5.36: The controller of the IPM machine with observer.

The following figures show the drive results. The rotor speeds for simulation and

experiment are shown in Figures 5.37 and 5.38 respectively. Figure 5.37 (a) shows the reference
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(@)

(b)

Figure 5.38: (a) Reference and rotor speed (experimental results), (b) The speed error

(experimental results).

Figure 5.39 show the simulation result of the g axis voltage in rotor reference frame. The
experimental result of the same voltage is also shown in Figure 5.40. It can be seen that by
increasing the rotor speed, when the load torque and consequently g axis current increases, the g

axis voltage also increases to let the machine supply the load. Figures and 5.41 and 5.42 show the
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output voltages of the controller loops for d axis in rotor reference frame for simulation and
experimental results respectively. The q and d axis voltages are transformed to real quantities and

the resulting nine phase voltages are used to generate appropriate nine-phase PWM signals.

Figure 5.39: The q axis voltage in the rotor reference frame (simulation result).

0 5 10 15 20
Sec.
Figure 5.40: The q axis voltage in the rotor reference frame (experimental result).
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Figure 5.41: The d axis voltage in the rotor reference frame (simulation result).

Figure 5.42: The d axis voltage in the rotor reference frame (experimental result).

The reference and simulated current of the d axis in rotor reference frame are shown in the
Figure 5.43. The reference current is generated from the q axis current according to minimum

copper loss strategy. It can be seen that the machine current tracks the reference. The reference and
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(a)

(b)

Figure 5.43: (a) The d axis currents, reference and actual (simulation results), (b) The current

controller error (simulation results).
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Figure 5.44: (a) Reference and actual currents for the d axis in the rotor reference frame
(experimental results), (b) The error between the reference and feedback currents (experimental
results).
The reference and simulated current of the g axis in rotor reference frame are also shown in
the Figure 5.45. The reference current is generated from the speed control loop and it is clear that

the machine current tracks the reference.
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(b)
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Figure
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(©)
Figure 5.50: The nine-SKDVH FXUUHQWY RI WKH PDFKLQH IRU

DQG pKY F pFY pIT DQG pLY URWRU V Sbiks)I5 /K. O
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Figure 5.51: The nine-SKDV H F X UEa
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(b)

Figure 5.52: (a) The dgs currents before heterodyning (simulation results), (b) The dgs
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The third sequence of the nine-phase currents need to be extracted to be used for position
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(a)

(b)
Figure 5.55: (a) The dgs currents after heterodyning

To extract the low frequency component, the generated signals are multiplied to term Y b6
the result signals are shown in the Figure 5.54 and 5.55 for simulation and experimental results
respectively. It can be seen that the currents have a low frequency part which can be extracted using

a low pass filter.
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20

Figure 5.58: The normalized currents fed to observer. (simulation results).

Figure 5.59: The normalized currents fed to observer. (experimental results).

From Figures 5.58 and 5.59, it can be seen that the magnitudes of the currents are fixed to
417

unity. Now the currents are suitable to be fed to the Lunberger observer that was designed in

pervious sections. The currents are fed to the Lunberger observer to estimate the rotor angle.



(@)

(b)

Figure 5.60: (a) Estimated and simulated rotor angle (simulation results), (b) Estimation error
(simulation results).
Figures 5.60 and 5.61 show the estimated and rotor angle for simulation and experiment

along with the estimation error.
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(b)
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(a)

(b)

(©)

Figure 5.63: (a) The normalized currents fed to observer around rotor speed zero crossing
(experimental results), (b) Estimated and measured rotor angle (experimental results), (c)

The estimation error (experimental results).
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(b)

Figure 5.65: (a) The reference and rotor speed (experimental results), (b) Speed error (experimental
results).

Figures 5.64 and 5.65 show the reference speed and the rotor speed together along with the
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Figure 5.66: The electromagnetic torque of the machine (simulation results).

Figure 5.67: The electromagnetic torque of the machine (experimental results).

The Figure 5.64 (b) and 5.65 (b) show the speed error for simulation and experiment
respectively. Figures 5.66 shows the electromagnetic torque of machine and the load torque for
simulation and 5.67 shows the electromagnetic torque of machine for experiment. From both figures
it can be seen that, by applying the load, machine generated electromagnetic torque to keep the

rotor speed constant.
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Figure 5.70: The voltage generated by the current regulators d axis of the rotor reference frame

(simulation results).
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axis current and consequently d axis current, the d axis voltage increases in negative side to let the

essential d axis current flow to the machine stator.

Figure 5.72: The q axis reference and feedback currents (simulation results).

Figure 5.73: The q axis reference and feedback currents (experimental results).

Figures 5.72 and 5.73 show the reference and measured currents in q axis of the rotor

reference frame for simulation and experimental respectively. The g axis current is generated from
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the speed error and it can be seen that, the g axis current increases when the load torque is applied

to the machine shaft.

0 5 10 15 20

Figure 5.74: The d axis reference and feedback currents (simulation results).

Ampere
o

0 5 10 15 20
sec.

Figure 5.75: The d axis reference and feedback currents (experimental results).

Figures 5.74 and 5.75 show the reference and the feedback values for the d axis current for
simulation and experiment respectively. The reference is again generated from the q axis current

using the minimum copper loss strategy.
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Figure 5.76: (a) The currents of the machine in natural variables (simulation results), (b) and (c)

Zoomed view before and after load application respectively (simulation results).

429



[ek Prevu | f - 3

Al 20.0mV |

. = — EAM—Y o S Acquisitio
------------------------------- 1 Mode

||--m ; ” L
o NS sample
. . &
| "
|
| P2ak

< 25

] |
: -
% S ~ Env

(b)

I1eK Frevu —
P

=

]

Figure 5.77: The nine-phase currents of the machine phases before applying load for phases,
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Figure 5.78: The nine-phase currents of the machine phases after applying load for phases for
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(@)

(b)

Figure 5.79: (a) The third sequence of the stator current in the stationary reference frame (simulation

results), (b) The zoomed view (simulation results).

Figure 5. 76 shows the simulation results of the stator currents. The effect of the increase in
g and d axis current of the rotor reference frame can be seen from their peak magnitude. The stator
currents of experimental results are also shown in Figures 5.77 and 5.78. Figure 5.77 shows the
currents before applying load torque and Figure 5.78 shows the stator currents after applying load
torque. There are some ripples on the currents of the experimental results which are due to the

magnetic saturation of the machine stator and measurement noise.
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Figure 5.80: (a) The third sequence of the stator current in the stationary reference frame (experimental

results), (b) The zoomed view (experimental results).

The third sequence currents of the stator are extracted and used for positon estimation. The
Simulation and experimental results of the third sequence currents are shown in Figures 5.79 and

5.80 respectively. The currents in Figures 5.81 and 5.82 pass through a heterodyning block then
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The signals of Figures 5.81 and 5.82 need to be normalized to have unity magnitude and be
fed to the observer. Figures 5.83 and 5.84 show the signals after normalizing for simulation and

experimental results respectively.

Figure 5.83: The normalized currents of the third sequence (simulation results).
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The signals of Figure 5.83 and 5.84 carry the rotor position information. The rotor position
now can be extracted using Luenberger observer. The signals are fed to the observer and the results
are shown in Figures 5.85 and 5.86 for simulation and experiment respectively. These two figures

show the rotor angle and the estimated one along with the estimation error.
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Figure 5.86: (a) The simulated and estimated angle (experimental results), (b) The estimation

error (experimental results).
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Figure 5.87: (a) The normalized currents of the third sequence (simulation results), (b) The simulated

and estimated rotor angle at the starting interval (simulation results).
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5.6.4 Very Low Speed Run

The last test is the same controller in a very low speed. In this test the machine runs at the
speed of 0.3 rad/sec and a step load is applied to the machine when it is in the steady state. The
following figures show the simulation and experimental results. The speed reference starts from the
zero and goes to a fixed speed at 0.3 (rad/sec) after drive settles down to the steady state conditions

a step load torque is applied to the rotor for 10 seconds.

(a)

0 5 10
(b)

Figure 5.89: (a) The rotor speed and the reference speed (simulation results), (b) The speed

error (simulation results).
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Figure 5.90: (a) The reference and rotor speed (experimental results), (b) The speed error (experimental
results).
Figures 5.89 (a) and 5.90 (a) show the reference and rotor speed for simulation and

experimental results respectively. From these figures, it can be seen that the drive can track the
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that, the drive can react to the load torque and generate proper electromagnetic torque to keep the

rotor speed constant.

Figure 5.91: The load and electromagnetic torque (simulation results).

Figure 5.92: The electromagnetic torque of the machine (experimental results).
The voltages generated by machine controller in rotor reference frame are shown in the
Figures 5.93 and 5.94 for simulation and experimental results respectively. Again from this Figures

the reaction of the drive to the changes of the load on the motor shaft can be seen.
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Figure 5.94: The g and d axis voltage of the machines in the rotor reference frame generated by

the controller (experimental results).

The generated voltages are applied to the machine to inject the desired currents to the stator.

Figures 5.95 and 5.96 show the reference and measured current of q axis
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Figure 5.95: The reference and the feedback currents in rotor reference frame for q axis

(simulation results).
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Figure 5.96: The reference and the feedback currents in rotor reference frame for q axis

(experimental results).

Figures 5.97 and 5.98 also show the reference and measured current of d axis reference

frame for simulation and experiment respectively.

445






(@)

6 7 8 9 10 11 12 13 14 15 16
(b)

Figure 5.99: The simulation result of nine-phase stator currents, (a) Before applying load

torque, (b) After applying load torque.

The currents of the third sequence of stationary reference frame are shown in the Figure
5.102 and 5.103 for simulation and experiment respectively. These currents are derived from the
{ H{transfer matrix in stationary reference frame. These currents can be used for signal processing
and position estimation process. From these figures, it can be seen that, the third sequence currents
have variable magnitudes. The ripples on the magnitudes are caused by the rotor saliency and they

can be used for position estimation.
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Figure 5.100: The nine-phase currents of the machine phases before applying load for phases, (a)
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Figure 5.101: The nine-phase currents of the machine phases after applying load for phases for phases,
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Figure 5.102: The dgs currents before heterodyning (simulation result).

Figure 5.103: The dqgs currents before heterodyning (experimental result).
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Again since the currents after filtering have variable magnitudes which vary with the rotor

speed they need to be
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Figure 5.109: (a) Estimated and measured rotor angle (experimental results), (b) The estimation

error (experimental results).
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Figure 5.112: The stator phase voltage.

Figure 5.113: The copper loss of the machine.
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sections of this chapter the steady state performance of the machine is analyzed using FEMM for

different stator current levels and operation modes of the controller.
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