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In critical systems, the reliability of the drive iery important. The faults
are unwanted. The faults may be lead to loss ohtivean life and capital.
This paper is addressed this problem and suggéstednodels to solve it.
The first model doesn’t contain any special toolgnprove the torque ripple
and THD. The second model contains 2PI currentrobhets to improvement
the performance at fault and remedial operatiore ®rfor the torque and the
other is for the flux. The first Pl controller isgding from the torque error
between the reference and estimated torques ton@et g-axis current
component representing modifier current arises ftovertain things inside
the machine and drive system such as temperatdrpamameters variations.
This current will add to reference g-axis curremtget robust new g-axis
current to satisfy the drive requirement and soheetorque problem (ripple
torque). With robust current, the total harmonistaiition is a decrease but
doesn’t reach the best value so the other Pl citertris used to adjust the

THD. In this PI controller, the d-axis flux is coamed to rotor permanent
magnet flux to solve this problem arises from nowusoidal of the magnetic
flux. The output of the PI controller is introducéadl the reference d-axis
current. The new d-axis current will reach the besiue of THD. The

simulation of the second controller is comparedhe simulation of first

controller to show if the second controller stramgveak. Matlab simulink is

used to simulate the drive system.
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1. INTRODUCTION

Permanent magnet synchronous motors (PMSM) arelywigeed in many industrial applications
due to have many advantages as: high efficienagh piower density and high-torque/inertia ratio. The
method of motor control is very important in theévdrsystem. This is because the operation of th&MM
under some methods of control is suffered from darated coupling and nonlinear dynamic performance.
This problem can be solved by field oriented cdn{f@OC). PMSM with FOC emulates the separately
excited DC motor. In this method of control, thatst current can be decupled into flux and torquieent
components. They can be controlled separately fi€ltkoriented control is highly performance witbdithy
phases but when fault occurs, the control loop wiluence the behavior of the variable speed ddueng
the fault. The fault inhe drive system may be loss one phase or morehvidiéals to fall the performance or
damage part or totally drive system. In criticasteyns such as transportation, aerospace, medidairyn
and nuclear power plants, the faults are unwarfhdy lead to loss of the human life and capitalthiese
systems, the reliability of the drive is very imfamt. It represents the primary selection in thevipes
industrial applications. To improve it, the faudtdetected, isolated and reconfiguration of corgystem is
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applied to verify the drive requirements. The catisystems must be continued to operate evenesepce
fault. A number of studies have been reported m ltterature investigating fault-tolerant motor vass.
Brushless permanent magnet (PM) motor drives caa tiee capability of fault tolerance by minimizitige
electrical, magnetic and thermal interaction betwpkases and adopting H-bridge inverter circuitsefich
phase [1-3]. A dual fault-tolerant motor drive syst has been proposed in [4]he fault tolerant power
electronic circuit topology to improve the relidgtyilof the motors is studied in [5]. [6] Advices separate
the phases. Mechanical separation, realized byngaie slot per winding, prevents from having ighase
short circuit. Electrical separation allows conirg) phases independently, which is possible witfula
bridge since phases are electrically separateld-8 some compensation techniques for open-ciecuiault
were proposed to improve the fault-tolerant perfamoe of multiphase rotor-PM brushless motor drives.
Reliability can be improved by special motor desi¢®-10] or by means of remedial operation stra&egi
[11-12]. Due to faults the performance is draggedtere are many methods to minimize the secondary
effects on the machine during the faults as [13-I%jis paper is proposed the remedial strategyhef t
PMSM in fault case. To solve this problem, the nmmimg and fault detection of the all drive systenvital.
This occurs by monitoring the active or reactivavpo for each phase independently i.e. an appr@priat
model is compared to the measured active or reagtwer to detect the abnormal operation. So tis¢ fi
step is detected the fault, the second step istewlthe faulty part and the third step is desigrtime
reconfigurable inverter control. This paper is aigad as follows. The first section is introducti@ection
two PMSM and mathematical model are discussedidettiree H-bridge is for reliability. In sectiontit,
current controller method is explained. Sectiore fshows the control structure. The simulation tesaite
discussed in section six. The conclusion is in seve

2. PMSM and MATHEMATICAL MODEL

Permanent magnet synchronous motor is similar & ofi wound rotor synchronous motor. The
rotor winding of synchronous motor is replaced whilgh resistivity permanent magnet material, hence,
induced current in the rotor is negligible this meahat, the rotor is lossless. The rotor typeBMEM are
shown in Figure 1. The permanent magnets on tlee ek shaped in such a way as to produce sindsoida
back EMF in stator windings.
The d-g equivalent circuit model is a perfect dolutto analyze the multiphase machine because its
simplicity and intuition. Conventionally, a two peequivalent circuit model instead of complexaipbase
model has been used to analyze PMSM but now compiee phase model has been used to analyze
PMSM. This is because this model must be able & ith several types of fault such as:
a) Winding open-circuit.
b) Winding short circuit (partial turn to turn or colafe).
¢) Inverter switch open-circuit (analogous to windiegminal open-circuit).
d) Inverter switch short-circuit (analogous to windiegminal short-circuit).
e) Position sensor (which can be also used to spe®ingg or current sensor failure.
f)  Controller failure.
g) Combination of the above faults.

Figure 1.a. PMSM surface inset Figure 1.b. PMSM surface interior (buried)
Figure 1. The types of the rotor in PMSM

The voltage equations PMSM can be simplified alefed:

V. I . .| €

. d |.
Vo [Tl oty o1& (1)
V. I . o] e
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Where [VaVb VC]T is stator a voltage[i al bl C]T is a stator current an{iea €p a:]T is a back-
EMF

r.0 o L.MM
r.=or, opL=smL M @
00T, MMLS

Wherer is a stator resistancg, _is a self inductance andis mutual inductance between winding.
The ideal back-EMF waveforms for sinusoidal PM maian be expressed as:

e sin(He)
e, |=-E | sin(6,-129 3)
€. sin(@ - 240)
The peak value of induced voltage is proportional to the electrical angular speed earibe calculated as
E.=W.w )
The electromagnetic torque can be expressed as:
T.=-p¥_ G a‘sin(He) +i,sin(@ - 129 +j | si(@ - 24)) (5)
Due to mechanical system, the dynamic model ofr rtive system can be given as
Jdw,
T5T HPw o5 (6)

Where Y .J, Ti, ; and p denote the rotor permanent magnet flux momentertim external load torque,
viscous friction coefficient of the rotating paesd poles of machine, respectively.

3. H-BRIDGE ISFOR RELIABILITY

An H-bridgeinverter circuitis an electronic power circuit that allows motoesg and direction to
be controlledlt is used to driving each motor winding separataya failure in one winding will not affect
the operation of the remaining windings. It is ugedhe application requiring a high rate of relis. It is
the best choice for working in high voltage andhhpwer applications. It is operating with low suhiing
frequency so its losses can be minimized. It offeeximum of redundancy. Each H-bridge consistsoaf f
power switches (with anti-parallel diodes). Fig@rehows the PMSM when fed from separate phasek, eac
phase being fed by an H bridge. During the fallg faulty H-bridge is isolated and the control d¢sn
configuration and the other H-bridges can be medifby gating signals. The disadvantages of these H-
bridges are multiple switches.

O
EHAR- R
A

A
Motor

Figure 2. Feeding PMSM from separate phases

4. CURRENT CONTROLLER METHOD

In this work, the current control of converter ishgsteresis current controller. It is used due to
simple, fast dynamic response and insensitive &d learameters. Figure 3 represents the hystenasisnt
controller. In this method each phase consistaigarator and hysteresis band. The switching ssgsue
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generated due to error in the current. The erronesofrom comparing between the reference curretit an
actual current. The main task of this method oftiemnis to force the input current to follow thefeeence
current in each phase. The deviation of the curbe@tiveen the upper and lower in the hysteresis lmnd
limited. In any phase, if the actual current becenmore than the upper limit of hysteresis band

(i ref +HB ) the upper switch of the inverter arm is turnef] tfe lower switch is turned on and the

current starts to decay. In contrast if the actuatent reaches lower limit or less than of hystisrdand
(i ref —HB ) the lower switch of the inverter arm is turned, dfie upper switch is turned on and the

current comes back into the hysteresis band. Thd bédth calculates the switching frequency andemnir
ripple. The band width is directly proportional ¢arrent ripple and inversely proportional to switth
frequency so the selection of the band width meenformance of inverter. This is because the irginggin
the band width will increase the current ripplecontrast; a decrease in the band width will inczete
switching losses.

Upper band

e ) Hysteresis HE

i 4 T band ; Lower band
= - ZHB . HB
i \ » .

~ Actual
reference 3 4 "  cument

.
gkl » + + 0.5V,
Currant

5 3 = = o
i i i, A
Actual currents Voliage wave

Figure 3. Hysteresis current controller basic stmecand concept
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Figure 4. Remedial operation of PMSM at fault firodel)

5. THE CONTROL STRUCTURE

Here two proposals control are used for remedialation of PMSM. The first control is shown in
Figure 4. where the second control is in Figure 5.

In the first control, the maximum torque can befg@ned by equating the g-axis current with the
stator current so the regulation of this currentasy important to get the desired torque. This lbardone
through the drive scheme. The drive is influencgdibcertainties, electromagnetic interface, nonsdidal
of stator current and permanent magnet rotor flualb of them. They reflect on the torque and cutre
causing unwanted problems such as ripple and n8iséhe Pl speed controller which is used to geadhe
g-axis current isn't sufficient to overcome theseoand ripples in torque and current. To minintize
ripple, noise and harmonics in the torque anotheoRtrollers are used; the input of the new Pltodler is
the error in the torque. This error comes fromdbgput of comparator which comparing the referencgue
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to estimated torque. The output of the new PI adletris a new g-axis currenj QMOD) which represents the

torque problems. This current is adding to thereefee of gq-axes current to get robust curreie%gw ).

The robust current satisfies requirements of theedsystem. With this enhanced in the g-axis
current component, the distortion of the currerggitt reach the best value. To reach the best \alother
PI controller is used. The input of this Pl corlgplarises from comparing the estimated d-axis fkith
permanent magnet flux. The output of this Pl cdlgrds added to the reference d-axis current whsch
forced to zero at constant flux region. The newxid-&urrent is reduced. So the first control (FQ@bh
adding 2PI current controllers (one for the torgad the other for the flux) is a good performarickealthy
phases but when fault occurs the performance &idedte significantly unless proper remedial siyads are
undertaken. So this controller is modified to wehfghest performance in fault case. In the progasmtrol,
the motor can be controlled phase by phase. Thiga@as isolated the fault phase and reconfigorathe
stator currents depending upon the fault case wiictompared to the reference currents to apply new
voltages on the healthy phases. This makes thermatto fault is able to drive the drive system waith any
problem. With fault, the sum of the phases curigmt equal to zero. This controller can be doneabiging
two blocks. One changes the stator current in tdgogery reference frame (A,B,C) to rotor refereframe
(d,q) and the other consists in building for eabhge of motor inter phase. Each phase can be built as;

| o =i 4c08@.- 271G - /3y  sing,— Z - /& (7

6. SIMULATION RESULTS

Here the following faults are study: one phase ogiecuit, one phase short circuit, and sensor
failure. In all simulation cases, the motor staithaut fault, at 0.1 sec, the fault occurs withoeinedial
strategies, at 0.2 sec, the faulty phases is ablahd at 0.3 sec, the remedial strategies argéedpglhis
occurs to show the effect of remedial strategieghenperformance of the motor during the fault. Wit
remedial strategies the torque ripple and THD bexonprovement if it is compared to the fault caséobe
applying it but when compared to the healthy case found that, the torque ripple and THD mustgee rid
to reach the highest performance during the faadec So they must be approximately vanish. Thisiracc
through using 2PI controller one for the torque #ralother for the flux. The proposal model is ¢wify the
remedial strategies (model one) is acceptable é&nwadding the 2PI current controller the perforoean
became highest (model two). Here the model twampared to the model one to show the effectivenéss
model two in the drive performance with fault casbe measured value of the torque ripple and THD at
healthy phases, at faulty phases and remediakgtest in two models are shown in tables 1,2, 3aothm
parameters in appendix 1

6.1. Case one, the open cir cuit fault

It is a common motor fault. It can be detect by sueg the motor current and voltage i.e.
detection the active or reactive power for eachsphiadependently. The motor torque when phase @en
can be calculated by putting the current in thasghequal zero in (5) then

T.=-pW, [ i.sin(8,-120 +i . sif6,- 24)] ?

The active or reactive power for fault phase isvahan Figure 6 where it is evident that, at faulese
powers became zero and this can be taken as iodiisfault case.

Figures (7-8) show the effect of one phase opewiti(phase a) in the two models on the dg-axes
currents. When fault occurred, dg-axis currentsdistorted. Highly distorted occurs with using mbdee
(Figure 7) while with model two (Figure 8) the digton is decreasing. With applying the remedigdtelgies
dg-axes currents are improved in two models bub#st value occurred with model two.

Figures (9-10) show the motor torque under faulemght is evident that, when phase (a) is open,
the ripples torque increases and this is harmfuhfotor. It arises due to an increase in harmomoise and
electromagnet interface. In first model, the rippdeque increases as shown in Figure 9 this ripple
decreasing with second model as shown in Figuré\ith applying the remedial strategies the osdilais
decaying but doesn't reach the best value with made but in second model the oscillation is
approximately vanish.

Figure 11 shows some noise and oscillation in fheed with first model at fault this noise and
oscillation are approximately vanish with seconddeidFigure 12). At remedial operation with two nets]
the oscillation can be neglected.

Optimum Remedial Operation of Permanent MagnetI8gpnous Motor (Hamdy Mohamed Soliman)
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The stator currents become smoother with seconcehthgk to reduction of the noise and suppress
the harmonics (Figure 14) if it is compared to moalee (Figure 13) also the stator current with sgco

model is less. At remedial strategies the highererit in the remaining phases aren’t quite dangeeald to
that the windings don’t affect by this rise in tberrent due to the motor with remedial strategiesst’t
saturate.

Average power in phase a

Figure 6. Active reactive power to detect the open
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Figure 5. Remedial operation of PMSM at fault (setmodel)
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6.2. Casetwo, the short circuit fault

It is a critical motor fault so the faulty phase shbe isolated. It is a very dangerous on the motor
and causes serious problems on the motor and dystem. This fault can be avoided by impeded higher
impedance in the fault phases circuit. The stestaly short circuit current can be calculated as

|- E . )

Jritw.l .

The active or reactive power for fault phase isvandn Figure 15 at fault these powers became
zero.
Figures (16-17) show the effect of one phase sbioctuit (phase a) in the two models on the dg-axes
currents. At fault, dg-axis currents are highlytalieed. Figure 16 shows higher distortion with gsmodel
one while the distortion is a decrease with model (Figure 17). With applying the remedial stragsgdg-
axes currents are improved in two models but tis¢ veue occurred with model two

__ Load torque

Motor torque __lLoadtorgue
1 e} Maotor torque

o 0.05 0.1 015 0.2 0.25 0.3 0.35 0.4

Time in sec 5 L L L L n L L
Figure 18. Torque without modified Pl controller fo Time in sec
torque and flux Figure 19. Torque with modified PI controller for

torque and flux

200
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150
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0 - 0 4
=0 0.08 01 015 02 028 03 038 0.4 =0 0.08 01 018 02 025 03 038 0.4
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Figure 20. Speed without modified Pl controller fo  Figure 21. Speed with modified PI controller for
torque and flux torque and flux
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#
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Stator currents in (A)

ll”

0 0.05 01 0 15Time[]ii' secﬂ 25 03 035 04 0 0.05 01 1] 15Time[]ii' secﬂ 25 03 035 04
Figure 22. Stator current without modified Pl Figure 23. Stator current with modified Pl conteoll
controller for torque and flux for torque and flux
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In the first model, the ripple torque increasestz®wn in Figure 18 due to an increase in harmonics,
noise and electromagnet interface this ripple weksing with second model as shown in Figure 1 W
applying the remedial strategies the oscillatiod@saying but doesn’t reach the best value withehode.
The oscillation is approximately vanish with seconaddel.

Figure 20 shows highly noise and oscillation in gpeed with first model at fault this noise and
oscillation are approximately vanish with seconddaidFigure 21). At remedial operation with two nets]
the oscillation can be neglected.

At fault, the short circuit current is to dangerdbg fault can be damaged the motor so it very
important isolated it quickly. The stator currebecome smoother with second model due to reduction
the noise and suppress the harmonics Figure 2Bisfcompared to proposal one Figure 22. at reaiedi
strategies the stator current with second modebkis

6.3. Casethree, the sensor current fault

Monitoring an active or reactive power for faultgsle is shown in Figure 24 where it is evident that,
at sensor current fault these measured powersodsensor became zero so this phase must be isolated

Figures (25-26) show dg-axes currents under onsosdault (phase a). In first model, the ripple
and oscillation increases as shown in Figure 25alitlt second model they are decreased (Figure\2@h
applying the remedial strategies the oscillatiod apple are decayed and reach to the best valtresgcond
model.

Figures (27-28) show the motor torque under fatk, ripples torque is to highly increasing and
reshaped very harmful for the motor. This comesanfrbighly increasing in harmonics, noise and
electromagnet interface in first model (Figure 2&jth applying the remedial strategies the osddlatand
ripple are decaying but doesn’t reach the bestevaith model one but with second model the osaillaand
ripples torque are approximately vanish as showkigare 28. some highly noise and oscillation ia $peed
with first model at fault (Figure 29). This noisedaoscillation are approximately vanish with secomatel
Figure30. At remedial operation the oscillation t@&mneglected.

The stator current is very dangerous at fault withidel one (Figure31). With remedial strategies the
current becomes acceptable but this current redohbe best value with model two (Figure32).

700 20
__Active power phase a (W) __d-axis current
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Average power in phase a
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0 0.05 o1 015 02 025 03 035 04 ~o 0.05 01 015 02 025 03 035 04
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Figure 24. Active reactive power to detect the open Figure 25. Idq -axis current without modified Pl
phase fault controller for torque and flux
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0 005 01 015 02 025 03 035 04 o 0.05 o1 015 02 0.25 03 035 0.4
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Figure 26. Idq -axis current with modified PI ~ Figure 27. Torque without modified PI controller fo
controller for torque and flux torque and flux

Optimum Remedial Operation of Permanent MagnetI8gpnous Motor (Hamdy Mohamed Soliman)



630 O ISSN: 2088-8708
= T Motor speed ' T ]
Load torque l....Reference speed
-0 ~Motor torqque i et

50 —

Speed (Rad/sec)

-50
0

0.15 0.2 0.25 0.3 0.35
Time in sec

Figure 29. Speed without modified PI controller for
torque and flux

0.05 0.1 0.4

015 oz 0.25 03 0.35

Time in sec

Figure 28. Torque with modified PI controller for
torque and flux

0.4

200 ___Nidtor speed 30
e _.Reference speed ___Stator current phase (a)
....Stator current phase (b) -
150 4 ---Stator current phase (c)
= N )
= 3 TELE )
= = FRfAdAAAaA2324
©£ 100 - w BT ER LT R
£ = R
€ g i 1
E 3
8 90 7 S 2o B
& =
30| B
ol i
40 4
50 L . L L . . L 50 L L L L L L L
0 0.05 0.1 015 0.2 025 03 035 0.4 0 0.05 0.1 015 0.2 0.25 03 035 0.4

Time in sec
Figure 30. Speed with modified PI controller for
torque and flux

Time in sec
Figure 31. Stator current without modified Pl
controller for torque and flux

30

Table 1.Torque Ripples and THD in Case of Healthy
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Figure 32. Stator current with modified PI conteoll
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7. CONCLUSION

The faults (open circuit, short circuit and curreahsor failure) are discussed, two proposals rdetho
are used to verify remedial operation of PMSM. @Gnfor remedial operation only and the other faneelial
operation with improvement the ripple torque andDIH he simulation shows that, at remedial strategie
the results are acceptable for two models. Withird@PI current controllers the performance becomes
superior.

Table 2. Torque Ripples in Case of Faulty PhaseMfwlel One and Model Two

Torque ripples %

Fault case Model one Model two
At At separation the faulty Remedial At At separation the faulty Remedial
fault phase operation fault phase operation
One phase open 55 35 45 3.63 3.63 0.46
circuit
One phase short 4 5 35 45 6.3 3.63 0.46
circuit
One sensor current ;g 35 45 3.6 3.63 0.46
failure
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Table 3. THDn Case of Faulty Phases for Model One and Moded Tw

THD %
Fault case Model one Model two
At At separation the faulty Remedial At At separation the faulty Remedial
fault phase operation fault phase operation
One phase open ¢ 6.3 6.2 1.45 1.45 0.75
circuit
One phase short 4, 5 6.3 6.2 6 1.45 0.75
circuit
One sensor current g 6.3 6.2 2.6 1.45 0.75
failure
APPENDIX 1

Rated torque 4 N.M, Rated speed 175 Rad/Sec, Penhamgnet flux 0.175 Wb, phase stator resistance
2.87%), phase self inductance 12.5 mH, phase mutual tadae 4.5 mH, and rotor inertia 0.0008 Kg§.m
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