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This paper presents a robust direct torque control of an interior
permanent magnet synchronous motor (IPMSM) based on a sliding mode
controller. The sliding mode control (SMC) law is designed in such a
way that the chattering effect is reduced and the problem of reaching
phase stability is eliminated. A space vector modulation is combined with
the SMC to ensure minimum ripple content and high resolution voltage
control. To demonstrate the validity of the proposed scheme, the
calculated motor speed, estimated motor torque, stator flux and stator
current in the presence of iron losses are compared with those measured
in the literature. It is concluded that consideration of iron losses in the
dynamic model of the machine improves the theoretical predictions and
reduces the discrepancies between the cal culated and measured values.

Keywords: Dynamic model of an IPMSM taking iron losses into
account- Direct torque control- Siding mode control- Space vector
modulation.

1. INTRODUCTION

Today, direct torque control (DTC) is one of thestapplied techniques in the field of
motor drives. The principle of the DTC is the direelection of the inverter states
based on the torque error, stator flux error, aatbs flux angle [1-2]. Direct torque
control has several advantages which can be sumedads fast transient response,
simplicity, less parameters dependence, low switglfiequency and absence of rotor
position sensor. However, DTC has some drawbackshwdegrades its performance.
These drawbacks can be concluded as variable $mgtérequency, high torque and
flux ripples, especially, at start and low speedragion [3- 4].

Different techniques have been investigated in rore overcome these
drawbacks and improve the DTC performance. Spactowvenodulation (SVM) is
used in DTC of permanent magnet synchronous m&btSM) to fix the switching
frequency and reduce the torque and flux rippléslfistead of the switching table and
hysteresis controllers, a proportional integra) @introller and reference flux vector
calculator (RFVC) are used to determine the refarestator flux linkage vector [5].
The reference flux vector is produced accordinthtoreference angular frequency of
the stator flux linkage (the output of the PI togqregulator), the position of the
estimated stator flux linkage and the amplitude tioé reference flux linkage.
Afterwards, the voltage space vectors and theiatihir are selected and calculated
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according to the error flux linkage vector, suchtttine error can be reduced to zero. In
addition, a SVM is used to replace the switchirgjeaf the basic DTC. However, the
switching frequency of the SVM is larger than tbathe classical DTC, which in turn
increases the switching losses. Discrete SVM has kenployed in DTC of induction
motor [6]. However, the motor speed signal was iregu In [7], two triangular
waveform generators, two comparators, and a Plrakert are required to provide
constant switching frequency. However, the propaseddlem was much complicated
compared to the classical DTC. In [8], a root megnare torque ripple equation is
derived for induction motor control. At each sampd® optimal switching instant
which satisfy the minimum torque ripple was detered. However, the derived ripple
equation was based on the motor parameters amdeasured motor speed. Predictive
DTC of PMSM is studied in [9]. The predictive tomand flux are used to select the
suitable voltage vector and switching time for gve&mple. The time derivative of the
torque, which required for predictive control, @skd on the permanent magnet flux,
and the rotor position. Intelligent controllers Buas fuzzy or neuro-fuzzy controllers
are used to solve the problems of DTC [10-14]. Hmwethe complexity of these
schemes is considered the main drawbacks.

Sliding mode control technique is an effective, hhiffjequency switching
control strategy for nonlinear systems with undeties. It offers many good
properties such as good performance against unewd®fnamics, insensitivity to
parameters variation, external disturbance rejedind fast dynamic response. Sliding
mode control has been proposed to improve the peaface of classical DTC [15-19].
In [15], adaptive sliding mode torque controllerpsposed for DTC of induction
motor drive. However, all electric motor parametansl speed were required. In [16],
cascade sliding mode controllers are proposed;i®nsed for regulating the motor
speed and the other is dedicated for controlliegelectromagnetic torque. In [17-18],
three types of variable structure controller corelirwith space vector pulse width
modulation are used to improve the performance BE f induction motor drives.
However, large sliding mode gains were selectedblttain fast torque dynamic
response which increases the chattering problemadiition, the effect of load
disturbance and parameters variation on the sypgfiormance was not studied. In
[19], adaptive sliding mode controller is propo$edDTC of PMSM drive. However,
the variable switching frequency problem was notroeme and the rotor position
angle was required. In addition, the measured geltnd current signals were needed
to be transformed the synchronous frame.

Many investigations about DTC of IPMSM drives wesgported [1-14], but no
attention was paid for the effect of iron loss be trive performance.

In this paper, a novel direct torque control oiRMSM drive system based on
a robust sliding mode controller is presented t@gtigate how the system behavior is
influenced by iron loss. The chattering phenomené the reaching phase stability
problems are taken into account in the design ofCSK space vector modulation is
combined with the SMC to ensure minimum ripple eabhtand high resolution voltage
control. To demonstrate the validity of the proposed schetime,calculated motor
speed, estimated torque, stator flux and statoreotirare compared with those
measured previously [5]. It is found that consitiera of iron losses results in
improvement of the theoretical predictions of mospeed, estimated motor torque,
stator flux and stator current when compared wWithrheasured values.
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2. DYNAMIC MODEL OF THE IPMSM

The equivalent circuit of a PM synchronous motosdesh on a synchronous d-q
reference frame is shown in figure 1. The effectttad iron losses is modeled by

placing a parallel core loss resistandd X in both d and g equivalent circuit model

[20]. From the equivalent circuit of figure 1, tldynamic motor model can be
expressed as:

Vy =Ry + pAy —a A, (1)
V, =R, + pA, + @ Ay ()
where V, anqu are the d-q axes terminal voltages componerits,and iq are the

d-q axes terminal currents component, and /1q are the d-q axes stator flux

linkages components@J,is the electric angular speed, is the stator circuit
resistance, L, and Lq are the d and g inductance components, gnhdis the

differential operato( p= dj .

dt
Thestator flux linkage components can be written as:
Ag = Lylgn + A, 3)
Ay = Lyigm 4)

where, idm and iqm are the d-g magnetizing current components, ahdis the
permanent magnet flux.
The magnetizing currents componenit§n( and iqm ) are calculated from the

difference between the line current componentsthadron loss current components
and can be expressed as:

lgm =1 ~lg 5)
iqm :iq_iqi (6)
where, in steady state, the d-g iron loss curremigponents can be expressed as
P ™
d —

R,
.y
'm-jg— (8)

The motor electromagnetic torque can be writteterms of the magnetizing
current and flux linkage components as follows:

T, = L5P(A4igm = Agigm) (9)

where P is the number of pole pairs.
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The mechanical equation of PM synchronous mototbeawritten as follows:

Te _TL B fda‘r
pw, = 3 (10)

where @, is the mechanical angular spee-H,i is the load torqueJ is the motor

inertia, and fd is the frictional coefficient.
The stator flux linkage amplitude can be expressed

A=Ay +A)™ (11)

R Ly
A
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Figure 1: d and gq axes equivalent circuits fan8M taking iron loss into account.
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In the equivalent circuit, the iron loss per phasseodeled as

L2 .02

P=R(y" +ig") (12)

The value of the core resistance can be modeledf@sction of the operating
frequency and the no-load core resistarigg).(The core loss resistangeis divided
into two parallel resistances for hysteresis lossekeddy current losses, respectively.
The hysteresis losses resistanBg ) is proportional to the frequency and the eddy
current resistanceR(, ) does not depend on the frequency. Their expressiansde
written as [21]

Rih = R (ﬁj (13)

a)b
Rie = Rieo (14)

= -R | @
Ri - Re+ Rh I%eo + tho(%J (15)
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where, R, and R are calculated at no-load condition at the rateerating

frequencye . G, is the base frequency. The iron loss resistanddfatent speeds is

drawn in figure 2 [21] and [22].
The (d-g) dynamic motor model in equations (1-2) ba expressed in the
state space form as follows:

&= 109+ g(u (16)
where x:[/]q /]d]T, u= B/q Vd]T :

|10 ] | Rdg — @Ay
g(x){o J' and f(x)_{fz}_{—Rsiﬂqu}

3. DIRECT TORQUE CONTROL PRINCIPLE OF THE IPMSM

For IPMSM, the steady state electromagnetic tosqueation can be written in terms
of the load angl€0) as follows [1- 2]:
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Figure 2: Variation of iron loss resistance wigfemting frequency.
_ 3P4 . .
T(0) = [24, LqS|n(5) —|)l|(Lq - L,)sin(29)] a7
4Lqu

For constant stator flux amplitude, the torque barcontrolled by regulating
the load angléd) . In other words, the torque can be regulated Inyrobing the stator
flux speed with respect to the rotor speed. Theostux vector components are
estimated in the stationary reference frafme- 5) axes from the integration of the
stator back emf using stator voltage and currerssmements as follows:

Ay = [ (v, = Ri)dt+4,(0) (18)
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Ap = [ (Vg =Rig)dt+1,(0) ofL
A=A+ A% (20)
where A, (0) and A;(0) are the initial values ofl, and A, respectively.

The stator flux angle can be estimated from es@thatator flux components
as follows:

N

A 4 A
f=tan ! = (21)
/]/3
The electromagnetic torque can be estimated usiagstator current and the
estimated stator flux components as:

T = 15P(i A, —i,4,) (22)

In the classical DTC, the errors between the refsreand the estimated values
of torque and flux are fed to two band hysteresimarators to give digital outputs.
The outputs of the hysteresis controllers and ta@isflux position angle are fed to the
lookup table which selects the switching proceduaised on the inverter states. The
torque and flux ripples are large, especially,oat peed operation [1-2]. In addition,
the switching frequency depends on the hysteremigparators band and the flux
angle.

4. DESIGN OF PROPOSED SMC FOR CONTROLLING TORQUE
AND FLUX

In the proposed algorithm, the torque PI controderd a reference flux vector
calculator (RFVC) are replaced by the sliding madmtroller. The sliding mode

strategy is based on the design of the discontsmiwmntrol signal that drives the
system states toward special manifolds in stateespBhese manifolds are chosen in
such a way that the system will have the desirdthier as the state converges to
them. The objective of the DTC is achieved by adltitrg the voltage input to the

motor. The SMC is designed to generate the staittage reference from the errors
between the estimated torque and flux and theereetes. Two integral switching

functions (s; and s, ) are used for torque and flux control. These twatching

functions determine the sliding surfaces. The statitage reference is generated
based on these functions. The switching functiaesbased on the torque and flux
errors and are selected as:

t
St :KpseT"'KlsIert_eT(o) (23)
0

t
s, = Kne, +K, [e,dt e, (0) (24)
0

where
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e =T -T (25)
e, =1 -4 (26)
Ks and K are positive gains. T “and A" are torque and flux reference

values, respectively. The argl (O) and e, (0) are the initial values of the torque
and flux errors.

The task is to design a control law to drive ttedestrajectory to the
intersection of the surfaces described earlierdifgrentiating (23) and (24), these
yield
S.T =K Ps e‘T + K IseT (27)
S/l = K Ps e'/l + K IseA (28)

Using equations (1, 2, and 16), the derivativehef dtator flux and torque can
be obtained as follows:

A :%(/]d fl+/1qf2)+/1i(/1dvd +AV,) (29)
A A A
T=15P LA, f, + und+E B, + LAV, + und+E . (30)
where L=i—i

L, Lq

From equations (16), and (27-30), the derivativéhefswitching function can
be written in the following form:

$=M +F -Du (31)
where
s=m , (32)
S/i
M — Ml - KlseF+KPST* , (33)
M2 Klse/i +KPSA
/1 f
~15PK | LA, +] LA, +L— f,
F= % d and (34)
-2 (2 f 4 A, T,)
A
Af
15PK o LA, + 5| 15PK LA,
D = L, (35)
K K
—5 ). S,

A A
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The system uncertainties occur due to the deviaifothe motor parameters
from their nominal values and an external loadudisince may occur. Equation (31)
can be modified as:

$=M +F,-Du+W (36)
where D, and F, are the nominal values ob and F and W is the lumped
uncertainty which can be given as:

WT
W = =AF + ADu (37)
W/i
The control effort law of SMC is the reference statoltage and can be

selected to satisfy this conditigh= O, this yield :

U =D, (M +F, +asign(s)) (38)

where U = b/q* Vd*]T , (39)
a, O

a =[ 0 aw] (40)

where a . and a , are arbitrary positive gains.
The stability of the proposed SMC is proved usingypounve’s stability
theorem and is listed in Appendix | [15].

The stator flux and the torque of the motor canrdgulated by the stator
voltage components. The highly nonlinear and cediplynamics of the matrices

(D, and F,) complicate the design of the SMC. However, if gstimated stator

flux amplitude is controlled to be constant andkris reference, the variables of these

matrices(D,™ and F,) can be analyzed as bounded disturbances. Sa) hieeadded

to the lumped uncertainties. The control effortaaun can be written as follows:

V' =M +a,sign(s) (41)

Where ¢, > ’vv +D,'F,
The control effort is designed in equation (41)hstltat the system trajectory

is forced towards the sliding surfa8& 0. However, this control strategy produces
some drawbacks associated with large control afragtethat may wear coupled
mechanisms and excite unstable system dynamicaddition, the sensitivity of the
controlled system to uncertainties still existshia reaching phase. The reaching phase
is the time during which the system state trajgcteaches the sliding surface. The
control effort of the total torque/ flux sliding me controller can be written as [15]
and [16]:

V' =M +gsat(s) + KCS{ES} (42)

S
|S|+/1

Where gt (S) = K;,K, andK_ are arbitrary positive gains.



Figure 3: Space position of the stator voltagefandvectors.

The function sat (S) is used instead of the functiosign (S) to reduce the
chattering in the control effort.
The reference stator voltage amplitu®@€) and its position(y) are estimated as:

* * '5
v*:(/dz+qu)0 (43)

V *
y=tan™| - (44)
Vd
As shown in figure 3, the reference voltage positiath respect tar -axis in
the stationary frame is expressed as:

0 =y+8, (45)
Where, 8, is the rotor electric angular position angle.

5. CONTROL SYSTEM BLOCK DIAGRAM

Figure 4 shows the block diagram of the propose@ Bdheme. This figure shows that
the SMC produces the stator reference voltage baisete torque and flux errors as
inputs. The stator flux vector and the motor torgue estimated from the stator
voltage and current measurements. No additionabureenents or axis transformation
are required. In this scheme, space vector modulasi used to generate the inverter
switching states with constant switching frequermy using the stator voltage

reference and the rotor angular position. In a eatienal DTC, a single voltage

vector is applied during each sample period. @ndtner hand when SVM is used,
this makes six voltage vectors applied during esaple. The number of switching

states is increased, and in turn, the motor toeneeflux ripples are decreased. Thus,
the SVM provides high resolution voltage outpuheToutput voltage of the inverter is

used as an input data to the IPMSM model wheré&dingloss is considered. For speed
control based DTC, a proportional- integral (PIntoller is used to develop the

torque reference required for the SMC. The rotaitpmm angle @,) is estimated from

the integration of the measured speed. The gaitteeadpeed controller are used in this
control scheme are obtained using common synthestisod [22].
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Figure 4: Block diagram of the proposed torquax SMC controller for IPMSM
scheme.

6. RESULTS AND DISCUSSION

In order to verify the validity and the performarafethe proposed scheme of figure 4,
digital simulations are carried out using MATLB tuwédre to investigate how the
performance of the proposed system is influencedirby loss. The stator flux

reference(A”) is set equal to 0.55 Web., and the switching feagy of the proposed

algorithm (SMC-SVM) is chosen 6 kHz. The differerglues of arbitrary positive
gains of the proposed algorithm are tuned to giagsfactory performance. The
nominal parameters and data specifications of BFM3M used for simulation are
listed in Appendix Il.

Firstly, the motor performance is investigated @istant speed and full load
torque operation (about 80% of rated speed). Figbeeand 5b show the calculated
and measured [5] motor speed, estimated torquestitdated stator flux linkage from
top to bottom. The predicated motor speed valuesrdig to simulated model agree
satisfactory with those measured experimentall\gsoAlconsideration of iron loss in
motor model is to bring the estimated torque and finkage values closer to those
measurements experimentally. The measured specdraue waveforms have ripples
of amplitude 0.5 rpm and 0.3 N.m, respectivelycamparison with those computed.
Figures 6a and 6b show the calculated phase cusardform and the measured one,
respectively. The amplitude of the current agregsr@imately with the measured
one. However, there are some ripples in the medsurase current due to the motor
space harmonics which is disregarded in the motmtain
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Figure 6: Current waveforms at 1200 rev/min with linad torque for
(a) the SMC-SVM (simulation) and (b) the DB¥M (measured)

Secondly, the proposed scheme is tested at lowdsmaeration and light load
torque. The simulation results of the proposed mehare obtained at 150 rpm (10% of
its rated speed) and 1.1 N.m. Figure 7a showsrbgoped computed values of motor
speed, estimated torque and estimated stator ifhicagde according to model taking
iron loss into account. The effect of iron losseastimated electromagnetic torque is
small due to low fundamental frequency (5Hz.). Takulated motor speed and torque
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of the proposed scheme show good agreement witle tne@asured as shown in Figure
7b. The pervious algorithm can not operated stélbyv this speed [5], while the

proposed scheme can operate at zero and very leadsp However, the estimated
stator flux linkage of the proposed scheme contaipgles due to the chattering
phenomena of the SMC.
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Figure 7: Speed, torgue and flux at 150 rev/mimwght load (1.1 N.m) for
(a) the SMC-SVM (simulation) and (b) the DTC-SVMdasured)

Thirdly, the transient performance of the proposeldeme for step change of
reference torque is investigated. Figure 8a angdHilw the dynamic response of the
estimated torque subjects to step change of refermrque from -2 to 6 N.m. These
figures show that the predicted estimated motoguervalues are close to those
measured experimentally. A slight discrepancy betwthe transient response of the
estimated motor torque values and their measurddewaare attributed to the
mechanical loss which is not considered in the motodel. The results confirm that
consideration of iron loss in the motor model im@®the theoretical results.

Finally, the field weakening control combined wilhTC is studied. The
transient performance of the proposed scheme follpwo a large step change of
speed reference for field weakening operation # ahvestigated. The nominal
parameters and data specification of the IPMSM Usedveakening operation are
given in appendix Ill.

Figures 9a and 9b show the computed and measufedngfor speed,
estimated torque and estimated stator flux linkkagen top to bottom. The predicated
motor speed values are agreed satisfactory witbethmeasured experimentally as
shown in figure 9a and 9b. In addition, the prezticinotor torque values are found to
be close to those measured experimentally. The unedspeed and torque ripples
have high ripples in comparison with those proposechputed. However, the flux
waveform has some ripples due to the chatteringqinena.
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7. CONCLUSION

In this paper, speed, torque and flux of IPMSM @uetrolled based on a direct torque
control taking the effect of iron loss into accauAtrobust sliding mode controller

with space vector modulation is proposed to imprtve DTC performance. The

calculated motor speed, estimated motor torquéorstaux and stator current of the

proposed scheme are compared with those measuitfeel literature [5].
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In view of dynamic analysis and investigations prdéed, one can draw the

following main conclusion:

1-

The influence of the iron loss on performantsliding mode direct torque control
has been investigated at constant value of medpeads operation and full load
torque. Consideration of iron loss in the motor mloshows that the calculated
motor speed, torque and stator flux values agragsfactory with those measured
experimentally.
Consideration of iron loss into account whem tfiotor operated at low speed and
light load, the results of the calculated speejue and stator flux are found to be
in a good agreement with those measured ones. Howine calculated stator flux
linkage value has some ripples due to chatterirrmpmena.
The influence of the iron loss on the estimatdque response for step change of
reference torque has been presented. The calcutatpee values are found to be
in close agreement with the measured experimentéltywever, a slight deviation
between the calculated values of motor torque agasored results are attributing
to disregarding the mechanical motor loss in théommodel.
The field weakening control based DTC is prgabs aking iron loss into account
when the motor is subject to large step changeetdrence speed, calculated
results are found to be in good agreement withegmosasured results.

This confirms that consideration of core loss intananodeling improves the

theoretical prediction and reduces the error betvoadculated and measured values.
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Appendix

The stability of the proposed SMC can be provedgisiyapunov stability theorem.
Defining Lyapunov function as follows:

V= % s's (A.1)
The time derivative ofV on the state trajectory is given by
V=s'¢ (A.2)
Substituting equation (36) in equation (A.2), oae obtain:
V=s"(M+F,—D.u+W) (A.3)

V=s"M+s'F -s"D u+s'W (A.4)
Substituting the control effort from equation (3&p equation (A.4)
V=s'"M+s'F,+s'W-s'D D;'(M +Fn+asign(s"))

=s'M+s'F, +s'W-s'"M -s'F, -s'asign(s')) (A.5)
ie V :sTW—a‘sT‘ (A.6)
For a )[\N | , equation (A.6) will ensur®y <0
This proves the stability of the proposed scheme.

Appendix I
Table 1: Parametersand data specification of the IPMSM.
Phase
132 Vv Rated power 1000 W Rated speed  1500|rpm
voltage (V)
Rs 50 PM flux linkage (A;) | 0.533 Web.| No. of poles 4
Lq 102.7 mH ly 44.8 mH Rated torque 6 N.m
Appendix 1l
Table2: Parametersand data of the|PMSM for field weakening oper ation.
Phase
240 V Rated power 500 W Rated speed 1500 fpm
voltage (V)

Rs 1862 | pM flux linkager) | 0.447 Web| No.of poles 4
Lg 475.5 mH Ld 388.5 mH Rated torquel.9 N.m
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