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This paper investigates a novel direct torque canfDTC) for a
sensorless interior permanent magnet synchronousmi®MSM) based
on a sliding mode technique (SMC). The speed arsitigo of the
interior PMSM are estimated online based on acfiug concept. To
overcome the large ripple content associated wlhih direct torque, a
torque/flux sliding mode controller has been emetbyTwo integral
surface functions are used to construct the slidmgde controller
(SMC). The command voltage is estimated from thguéand flux
errors based on the two switching functions. Themiof total sliding
mode is used to eliminate the problem of reachimgsp stability. The
space vector modulation (SVM) is combined with shiding mode
controller to ensure minimum torque and flux ripgpknd provides high
resolution voltage controllThe proposed scheme has the advantages of
simple implementation, and does not require anraatesignal injection.
In addition, it combines the merits of the direatque control, sliding
mode controller, and space vector modulation beglte sensorless
control.

Simulation works are carried out to demonstrate ttlity of the
proposed scheme at different operating conditidite results confirm
the high performance of the proposed scheme atstdinlow and high
speeds including load disturbances and parametarisiion.

KEYWORDS: Active flux concept — Speed sensorless controlrecbi
torgue control — Sliding mode control — Space vectodulation.

I- INTRODUCTION

Today, permanent magnet synchronous motor (PMSkbBives a great attention for
drive applications. In particular, an interior pament magnet synchronous motor has
high efficiency due to the capability of producirgductance torque. Speed or position
control of the IPMSM needs the knowledge of theoraépeed or rotor position.
However, the speed sensors or encoders have se&ravabacks such as reliability,
machine size and drive cost [1-3].

Recently, the advancement in the field of digitghal processing encouraged
researchers to investigate many methods for spstgdation. The popular algorithm
depends on estimating the emf in a rotating referdérame [1-4]. This algorithm gives
acceptable performance at medium and high speeatidass at low speeds. Other
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algorithms estimate the motor speed using therstadactance variation with the rotor
position [5-7]. Although these algorithms give aodgerformance at low speed and
standstill operation it requires high frequencynsiginjection, which increases the
drive complexity. In addition, a negative torque ymbe generated and thereby
degrades the motor performance.

NOMENCLATURE
e Three phase stator currents e Reference voltage amplitude
i,,1;  Stationary axes current componentGreek Symbols
Lq g-axis stator inductance o Load angle
L, d-axis stator inductance G Y5 ?éﬁisgséﬁg xes stator flux
p Differential operator és Estimated stator flux amplitude
P Number of pole pairs @; Permanent magnet flux
R, Stator resistance y VoItag(_a vector angle with respect
to c-axis
Sihe Switching state of the inverter o, (Easctiir\rllgltﬁljixaglgslﬂgnr)otor position
T, Electromagnetic torque a)r Reference motor speed
Vabe Three phase stator voltages G, Actual rotor speed
Vi, Vg Stationary axes voltage components&)r Estimated rotor speed
\Fd,\/jq Eﬁiirnegn?rzr\gtage in synchronous w, Electric angular rotor speed

Speed observers have been employed also in mangtlites. Sliding mode
observer is used to estimate the motor speed drgrobased on the estimated flux [8-
11]. However, the chattering phenomenon, and thexl rfer high frequency signal
injection are the drawbacks of this method. Alsaderded Kalman filter [12-14] is
employed to estimate the speed of the IPMSM usiegsured voltage and current
signals. However, large computational burden issiclared the main disadvantage of
this technique. In [15], a linear model of the IPMI$ased on the stationary reference
frame is constructed. Then, a speed/position obsess designed based on the
positive real problem. However, large speed erppears at rated value. In addition,
the sensorless control at low speed under loadi¢odisturbance can not be realized
successfully. In [16], a new observer is constidiased on multirate time system
which estimates the applied voltage on the motoaddition, a full order observer is
used to estimate the stator flux and therefore rifter position. However, this
algorithm can not be applied at zero speed. In,[&f]observer based on the motor
model is used to estimate the rotor flux and théomspeed of the induction motor.
This method is sensitive to the parameters vanatio

In some literatures the induction motor speed tisnesed from the stator flux,
speed and either the load torque angle as in [A18jeoslip speed as in [19]. However,
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the speed error is significant especially at lowespunder load disturbance. Also,
the motor parameters must be known accuratelyvédtix concept [20] is used also
for speed estimation. This method has the advastaigebtaining wide range of speed
control without any signal injection. In additiahuses a simple algorithm.

In this paper, the merits of the DTC together with SMC are combined to
control the IPMSM. Also, the active flux concepteisiployed to estimate the motor
speed online. A torque/flux SMC combined with SVIMe aused to replace the
hysteresis comparators and look up table of thesidal DTC. The total sliding mode
idea is used to design the SMC to eliminate thes@lstability problem. The proposed
scheme does not require additional complicatedrititgos or signal injection schemes
at very low speed. Computer simulations are caoigdo evaluate the performance of
the proposed scheme. The results show the supgrifrithe proposed scheme at
different operating conditions.

. MATHEMATICAL MODEL OF IPMSM

The mathematical voltage model of an IPMSM in tiiecironous rotating frame is
given by [14]

pix]=f(x)+g(>xu (1)
Where
X:(¢q %)Ty u:(vq Vd)T y g(x):|:$ 2:|, and
—&40 - WP,
_| L,
0[] g

- L_s(¢d_¢f )+ WP,

d
The stator flux components can be estimated fraenctirrent model of the
IPMSM in the synchronous frame as follows:

¢ =L L )
¢q = Lgig t ¢ (3

llI- SPEED ESTIMATION OF THE IPMSM

The concept of active flux (or torque producingxjldor the IPMSM is defined as
follows [20]:

Q. =@, +(Ly-Ldig 4)
The pervious equation indicates that the active ¥lector is aligned with the

d-axis of the rotor frame.
Using equations (3) and (4), one can obtain:

@= @-Lig (5)

Equation (2) can be rewritten as:

0 :qpq—Lqiq .............. (6)
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Combining equations (5) and (6) , the active flax e described in the space
phasor form as:

o =@-Lyi, (7)
Where @, , @, , iy are the active flux , stator flux and statorrent

space vectors respectively.
Substituting the stator flux in equation (7) by theegration of the back emf ,
the active flux becomes:

9. = [(Vo-Rjdt - L, L ®)
Equation (8) indicates that the active flux veatan be estimated using the

stator voltage and current space vectors. Theeaafitix can be expressed in the polar
form as:

e =g0e, 9)
Where ¢, , and 8, are the amplitude and angle of the active fluxcepaector. Since

the active flux vector is aligned with the d-axiktbe rotor frame, then the rotor
position is estimated from:

6, = tan* (X&)

aa

Where ¢,, and ¢, are the components of the active flux in theostelame.

The motor speed can be estimated from the timerdifitiation of equation (10) as:

&, = % _ (Poad k1 (Ppadi = (Ppad s Poudw (11)
dt To [(@oa)ic + (@52) 4]

Where the active flux components are calculatetieasamplekandk -1 , and T,

is the sampling interval. A low pass filter may bged with the speed estimator to
reduce the noise.

[ll. DIRECT TORQUE CONTROL OF AN IPMSM

Direct torque control is considered the simpleshtad technique of PMSM for
industrial applications where torque control is igdde. For IPMSM, the torque
equation can be written as [21-22]:

T = 3Pq@ [20, Lq sin(d) _%(Lq -L,)sin@Ro)] 12
4L,
The torque equation consists of two terms, the fiesm is the excitation
torque and the second term is the reluctance tofgureconstant stator flux amplitude,
the torque can be controlled by controlling thedlanglgd). In other words, the
torque can be controlled by controlling the stdtox speed with respect to the rotor

speed. The stator flux components are estimatety ubie measured stator voltage
components:
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@, = [(v, -Rii,) dt

@ = [ (v ~Rii,) dt
Therefore, the stator flux amplitude is estimateanf

SR 2 205
o=@ +g)> L (14)
Also, the electromagnetic torque can be estimasiatgithe stator current and

voltage components:

n

T.=15P(,@ -i®@) (15)

In the classical DTC, the errors between the refereaind the estimated values
of torque and flux are fed to their band hysteresimiparators to give digital outputs.
The outputs of the hysteresis controllers and thaber of sector are fed to a lookup
table which selects the switching procedure basethe inverter states. The inverter
state does not change till the output of the hgsisrcontroller or the sector number
changes. In turn, the inverter states changes gl@specially, at low speed [23-24].
For speed control based on the DTC, a proportidntdgral (P1) controller is used to
generate the reference torque from the differemteden the reference and measured
speeds.

IV. DESIGN OF A TORQUE/ FLUX SMC

The sliding mode strategy is based on the desighefdiscontinuous control signal
that drives the system states toward special mdsifo state space. The manifolds are
chosen in such a way that the system will have dbsired behavior as the state
converges to it. The principle of the DTC is thecking of the electromagnetic torque
by controlling the voltage input to the motor. TEMC is designed to generate the
stator voltage command from the torque and fluworstr Two integral switching
functions are used for torque and flux control. Té$tator voltage command is
generated based on the two integral switching fanst The switching functions of
the torque and flux are chosen as:

t
ST:erT+Kijerdt ......... (16)
0
t
s,=K,g, +Kfed 17)
0
where
e =T, -T, (18)
A — (19)

andK , K, are positive gains.

The stator flux linkage amplitude and the electrgnsic torque can be
estimated respectively in the synchronous franfellsvs:

o=(@’ +e>H L (20)
T =K(@i,-@iy) L (21)
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Where g =3p
2
The task is to design a control law that drives $tete trajectory to the
intersection of the surfaces described earlier. fiflme differentiation of the sliding
surfaces are:

S =Ke+Ke (22)
s,=K,e,+Ke, (23)
Combining equations (1-3), and (18-20) will yield:
$s=M+F-Du (24)
Where
. ) K K (Lo f, +(Lag + 70y
S:|:Sr:| M_|:Ml:|_|:KieT+KpT e} F= p %1 Ld 2
S ) - - : .*s ) —_ K ’
(4 MZ K1e¢+Kp¢ _J(%fl_i_%fz)
@
X
K p K t ( L ¢d + ) K p K t L wq
D = q L)
K, o K, o
o, ¢ o,
u=(v, V) and L=21_1
L, Lg
Taking the uncertainties into account, equatior) (@4 become
$=M+F-Du+w......---- 5§2

Where D,,F, are the nominal values of F .
and W is the lumped uncertainty which can be expressed:

Wy 26
W=| T|=AF+ADU e (26)

[
Putting $=0, the control effort law (reference voltage) can di#ained as
follows:

u =V =D, (M +F, +asign(s)) ... (27)
where - (”T 0 J , V=, V)
0 a,

and a.,a, are positive gains.

The stability of the proposed SMC is proved usiygpunov stability theorem
in the appendix.

The stator flux and the torque can be regulatedthsy stator voltage
components. The highly nonlinear and coupled dyosim of the
matricegD, *,F,) complicate the design of the SMC. However, if thates flux

n ' n

amplitude is controlled to be constant, the vadahif the matricegD, ™, F,) can be
analyzed as bounded disturbances regulating ther $kax and the torque. So, it can
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be added to the lumped uncertainties. The contf@iteequation can be written as

follows:

V'=M +asign(s) (28)

Where ¢, > ‘W +D,'F,
The control effort is designed in equation (26)tstitat the system trajectory

is forced towards the sliding surfa&=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 existghia reaching phase. To overcome these
problems, the total sliding mode control idea issdn [25-26]. The control effort of
the total torque/ flux SMC can be written as:

V' =M +a, saf(s) + Kcs+{KT-[e} ............ (29)
K2
Where sai(S) = S , and K;K,K,and A are positive gains. The function
S +4

sat(S) is used instead of the functiasign(S) to reduce the chattering in the control

effort.
The reference voltage amplitude and position atienated as follows:

ViRt (30)

v
y =tan -1 (L*) ...........
Vd
As shown in figure (1), the reference voltage positwith respect tax -axis
in a stationary frame is expressed as:

e =y+6, 32)

Fig.(1) Space position of the stator voltage and flectors.

V. SPACE VECTOR MODULATION

Although the SMC can provide high performance aw tipple content, the variable
switching frequency problem is not overcome. Thusoidal pulse width modulation
can be combined with SMC to solve this problemibbas some drawbacks. Thus it is
unable to fully utilize the dc voltage, and givesrmtotal harmonic distortion. The



A. A. Hassan, A. M. EI-Sawy, Y. S. Mohamed, and E. G. Shehata

SVM is preferred for DTC over PWM technique [27-28]is based on the space
vector representation of the stator voltage in@gg) stationary frame. For two level

inverters, there are eight states available far Heictor according to eight switching
positions as shown in figure (2). The SVM princigdased on the switching between
two adjacent active vectors and two zero vectorindwone switching period [28]. In
order to reduce the number of switching actions reuadte full use of active turn-on
time, the vector is commonly split into two nearadjacent voltage vectors and zero

vectorsV, and V, in an arbitrary sector. For example, during onaang interval,
the stator voltage space vector in sector (l) camtpressed as:

V' = %Vo N %Vl 4 ;—sz 4 1_7\/7 ........ (33)

S S S S
where T is the sampling time, and v, = \FVdC
3

T.-T,-T,=T,+T, 20
The required time period spending in each of thir@and zero states are given by

;oo MsinCrrz-ey (34)
Yo Vysin(2m/3) ¢
_ Msveg (35)

2 Vysin@r/3) °
L= L=+,

The pulse command signals pattern for the invefter Sector | can be
constructed as in Figure (3). For the sectorsliiié same rules can be applied.

85=010 8 5:=110

Fig. (2). Space voltage vectors of two level ingert
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Fig.(3). Pulse command signal pattern of sector (I)

The block diagram of the speed sensorless torguegflding mode controller
of an IPMSM is shown in figure (4). The stator flugctor and the motor torque are
estimated from the measured voltage and curremakigleqgns. 12-13). The rotor
position and speed are estimated from the activevector (eqns.10-11). The figure
shows also that the SMC generates the stator refeneoltage based on the torque and
flux errors. No additional measurements or axigdfarmation are required. Space
vector modulation is used to generate the investeitching states with constant
switching frequency. In a conventional DTC, a stngbltage vector is applied during
each sample period. When SVM is used, as shovitgure (3), six voltage vectors
are applied during each sample. The number of bimidcstates increases, and in turn,
the torque and flux ripples decrease. Thus, the $W¥dWides high resolution output
voltage. For speed control based DTC, a propaatiantegral (PI) controller is used
to develop the torque command for the SMC fromsiheed error.

VdC
@ T € Vg Vo Sic
+ 2 2 Torque/ at/ y /
. i % ﬂgﬂg\éc polar 9 SW inverter IPMSM
&1‘ R 574:@—» T

g Ve

Vporl o,

Torgue & flux
and speed
estiarrtion

I .

Transformetion

Fig.(4) Block diagram of the proposed sensorlegingi mode control scheme.
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V- SIMULATION RESULTS

Simulation works are carried out to evaluate thdgpmance of the proposed scheme.
The simulations are performed using the MATLAB/ 8imk simulation package. The
parameters and data of the IPMSM used for simulgpiwcedure are listed in table
(1). The following settings are chosen for the oalrdystem:

Gains of the PI speed controller are selected gss BL.O1, K;= 0.5.

Switching frequency of SVM = 6 KHz.

Sampling time of speed estimator = 10 KHz.

The parameters of the torque/ flux sliding modetiaier are selected as:

K, =K,=100, K,, =100, a, =[200 200]' ,K, =2,K; =30.

Table (1) Parameters and data of the IPMSM

No. of pole pairs 2 Base speedrpm) 1500
Rs Q) 6 Magnet flux linkage @; (Wb) 0.337
Lg (H) 0.1024 Rated torque Te (N.m) 3
Ld (H) 0.0448 Vdc (volt) 300

To evaluate the performance of the proposed schémeesimulations are
carried out at standstill, low and high speed dapamawith load disturbance and
parameters variation.

Case (1) Standstill operation:

The motor is assumed to be operated at zero speerd the simulation period. The
load torque is assumed to be 2 N.m (66.6% of redeglie) at starting and increased
steeply to 4 N.m (133.3%)at t = 4 sec. The flux ow@nd is assumed to be fixed at 0.5
Whb. The damping coefficient and the moment of iaedre detuned by 50%. The
simulation waveforms are shown in figure (5). Tilguffe shows that the actual and
estimated speeds are aligned. A speed dip occting atstant of load disturbance and
recovered in less than 0.5 second. The figure tegiat the speed error between the
actual and estimated is about 0.1 rpm at steadly atal 1 rpm at load disturbance. As
a result of using torque/flux SMC with space vectmdulation, it is indicated that the
ripples in the torque and flux waveforms are shawvbe very low. The flux ripple is
about £0.01 Wb (2%) and the torque ripple is N (3.5 %) at 2 N.m.

Case (2) Low speed operation with load disturbance:

In this case, the motor is assumed to be accetefeden zero to 100 rpm in 0.5 sec.
and kept constant at this value till t = 4 secomtden, the command speed is decreased
steeply to 50 rpm. The flux command is assumedet&dpt constant at 0.5 Wb. The
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load torque is stepped from 2 to 3 N.m at t = 2 gexin the pervious case, the
damping coefficient and the moment of inertia aasuaned to be less than nominal by
50%. The simulation waveforms are shown in figee [t is seen that the actual and
estimated speeds can track the trajectory of tfezenece speed very well. The speed
error is found to be less than 0.5% at 100 rpmmalkdip occurs in the estimated and
actual speeds at the instant of load disturbanke.speed waveforms are enlarged at
the instant of speed change to demonstrate thesfestid response of the proposed
scheme. The figure shows that the torque and flaxeforms contain low ripples. The
stator flux ripple is about +0.015 wb (£3%) and tbegue ripple is £0.15 N.m at 3
N.m (5 %). The torque waveform is enlarged to shioat the system has fast torque
dynamic response. Figure (7) illustrates that ttteed and estimated rotor positions
are aligned and there is no phase difference baetttesm. The figure depicts also that
the absolute error is nearly zero. Figure (8) shthweslocus of the stator flux at 100
rpm in the stationary frame. It is noticed that thex profile attains its circular shape
very quickly. This means that the stator flux hastftransient response and its
components are sinusoidal and displaced in phas&’by

Actual and estimated speed (rpm)

I I
| |
. I |
o 0.5 1 15 2 2.5 3 3.5 4

Estimated electromagnetic torque (N.m)
alb - - | P - ] } ;
| | | | | |
2 T T T T T T T mT T [
o 1 1 1 1 1 1 1
[o] 0.5 1 15 2 2.5 3 3.5 4

time (sec)

Fig. (5) Simulation output of the proposed schetrstandstill operation.

Actual and estimated speed (rpm)

T
T e B S -
5 M | [ | | | | |

T~ ! J ! H I T !
B il n i S i i —— [y i
o 1 2 3 a 5 6 7 8
Stator flux linkage (Wb)
T T T T T

o5 | | | [ | | |
: ! f ! f ! ! |

0.4 1 | | 1 | | |

1 2 3 a4 5 6 7 8
Estimated electromagnetic torque (N.m)
4 T
S R p ey =
2 [rrmm—————"r] 7 I e e (e s G o
| 1.9 2 2.1

Fig. (6) Simulation waveforms at low speed (100 Ypm
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Actual and estimated rotor position(rad)

ORNWMNMOON

Fig.(8) Locus of the stator flux in the stationagjerence frame at 100 rpm.

Case (3) High speed operation:

In this case, the performance of the proposed sehientested under high speed
operation. The command speed is assumed to begstdrom zero to 1500 rpm in 1
second. The flux command is fixed at 0.5 Wb. Tlaslltorque is increased from 2 to 3
N.m at t = 3 second. The stator resistance ofibeor is assumed to be increased
steeply by 50 % at t = 6 second. The damping adefft and the moment of inertia are
increased by 100 % at t = 1 second.

Figure (9) shows oscillations in the estimated dpe&eaveforms. These
oscillations can be reduced by selecting the apatepcut-off frequency of the filter
and the Pl-speed controller gains. At steady staie,speed error is about 3 rpm
(x0.2%) which increases to 5 rpm (+0.33%) with therease of the stator resistance.
Also, the figure shows smooth torque and flux waues where, the stator flux ripple
is about £0.03 wb (6%) and the torque ripple i2B0\N.m at 3 N.m (8.33 %).
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Actual and estiamted speed (rpm)

1540 T T T
|

1520 - ———ff —— — == — — — - |- —— - - =1 — ==~
77777 ) | i L
1500 | s i
1480 - - - - === [ ' |
|

1460
0

[ Y

tator flux linkage (Wb)

= 0

|
1

4
Estimated

electromagnetic torque (N.m)

time (sec)

Fig. (9) Simulation waveforms at high speed operati

VI- CONCLUSION

This paper presents the torque and flux controthef IPMSM based on the direct
torque technique. Active flux concept is proposedestimate the motor speed and
position online. To solve the high ripple contertlgems associated with the classical
DTC, a torque/ flux SMC is introduced in the DTCheme. The SMC has been
designed based on the torque and flux errors. dhed law of the SMC is designed

to reduce the chattering phenomenon and ensurhinggghase stability. Also, a SVM

is used to provide constant switching frequency aaduces the ripple content.
Simulation results demonstrate that the proposdeemse still preserve the fast
dynamic response of the DTC. In addition, the sygstes good performance at all
speeds including standstill and low speeds in teady state. Also, the proposed
scheme has high robustness against parametersoradad load disturbance.

APPENDIX

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

V= % Ss (36)
The time derivative of V on the state trajectargiven by
V=gs (37)
Substituting equation (30) in equation (37), one @btain:
V =s'M +s'F, -s'Du+s'w (38)

Substituting the control effort from equation (28p equation (38)
V=s'M+s'F +s'W-s"M-s'F -s'g;sign(s")) ... (39)
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e V=sW-g s L (40)
Fora, > |W |, equation (40) will ensuré <0. This proves the stability of the
proposed scheme.
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