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This paper presents a novel direct torque control (DTC) of a sensorless
interior permanent magnet synchronous motor (IPMSM). The speed and
position of the IPMSM are estimated online based on active flux concept.
The active flux estimation needs the quadrature axis self inductance value.
The conventional two axes machine model is modified in order to include
the influence of the saturation and cross saturation effect on the variation
of self and cross coupling inductances in the direct and the quadrature
axes. The self and cross coupling inductances values are stored in lookup
table in the motor model. In addition, the iron loss is taken into the motor
modeling. To overcome the large ripple content associated with the DTC, a
torque/flux sliding mode controller (SMC) has been employed. The
command voltage is estimated from the torque and flux errors based on the
two switching functions. The space vector modulation (SVM) is combined
with the SMC to ensure minimum torque and flux ripples and to provide
high resolution voltage control. To overcome the stator resistance
variation, a fuzzy logic estimator is designed to detect the resistance
variation online. The proposed scheme has the advantages of simple
implementation, and does not require an external signal injection. In
addition, it combines the merits of the DTC, SMC, and SVM beside the
sensorless control. Simulation works are carried out to demonstrate the
ability of the proposed scheme at different operating conditions. The
theoretical results are compared to published results to confirm the high
performance of the proposed scheme at standstill, low and high speeds
including load disturbance and parameters variation.

KEYWORDS: Active flux concept — Speed sensorless control — Direct
torque control — Sliding mode control — Space vector modulation.

1. INTRODUCTION

Controlled electric motor drives without speed sensor have emerged as a mature
technology in the past decade [1]. The advantages of sensorless control are reduced
hardware complexity, lower cost, reduced size of the drive machine, elimination of the
sensor cable, better noise immunity, increased reliability, and less maintenance
requirements. A motor without speed sensor is preferred for operation in hostile
environments. The advancement in the field of the digital signal processing encourages
the speed estimation or detection approach. Many of the speed estimators depend on
the motor mathematical model, where, the back emf or the permanent magnet flux is
estimated. These methods can be used with the surface mounted PMSM [2]. However,
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the anisotropy of the IPMSM increases the model complexity. Where, the stator
inductance is a function in the rotor position.

Different algorithms were studied for sensorless control of the IPMSM [3-21].
The popular algorithm utilizes the extended emf estimation in a rotating reference
frame [3-5]. This type gives a good performance at medium and high speed operation.
However, this type fails at low speed and at standstill operation because the back emf
is proportional to the motor speed. A start-up algorithm is required, when the motor is
at a standstill or at a low speed. In addition, the measured voltage and current has to be
transformed into a new rotating frame.

Another algorithm utilizes the stator inductance variation based on the relative
position of the rotor [6-8]. This algorithm gives a good performance at low speed and
at standstill operation. However, the generation of the high frequency signal increases
the drive complicity and the motor losses. In addition, a negative torque can be
generated and degrades the scheme performance. In [6], a high frequency voltage
signal/pulse is injected in the stator winding. The position of the rotor is extracted from
the measured current signal response. In [7], the inductance matrix including the rotor
position information is determined from the current harmonics produced by the
switching operations of an inverter driving the IPMSM. Speed information can be
obtained from the position information. In [8], the extended emf estimation and the
signal injection algorithms are used together for position sensorless control. In this
case, the rotor position is estimated by a signal injection algorithm at standstill. After
the starting period, the extended emf estimation algorithm is applied.

Speed observers have been employed also in many literatures. Sliding mode
observer is used to estimate the motor speed or position based on the estimated flux [9-
12]. However, the chattering phenomenon, and the need for high frequency signal
injection are the drawbacks of this method. Also, extended Kalman filter [13-15] is
employed to estimate the speed of the IPMSM using measured voltage and current
signals. However, large computational burden is considered the main disadvantage of
this technique. In [16], a linear model of the IPMSM based on the stationary reference
frame is constructed. The speed/position observer is designed based on y- positive real
problem. However, large speed error appears at rated value. In addition, the sensorless
control at low speed under load torque disturbance can not be realized successfully. In
[17], a new observer is constructed based on multi-rate time system which estimates
the applied voltage to the motor. In addition, a full order observer is used to estimate
the stator flux and therefore the rotor position. However, this algorithm can not be
applied at zero speed. In [18], an observer based on the motor model is used to estimate
the rotor flux and the motor speed of the induction motor. This method is sensitive to
the parameters variation.

In some literatures the induction motor speed was estimated from the stator
flux speed and either the load torque angle as in [19] or the slip speed as in [20].
However, the speed error was significant especially at low speed under load
disturbance. Also, the motor parameters must be known accurately. Active flux
concept [21] was proposed also for speed estimation. This method has the advantages
of obtaining wide range of speed control without any signal injection. In addition, it
uses a simple algorithm. The variation of L, due to magnetic saturation was
considered.
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In this paper, the active flux concept is employed to estimate the motor speed
online [21]. The active flux is aligned with the direct axis in the synchronous reference
frame. The estimation of the rotor speed based on the active flux needs the quadrature
axis self inductance value. The conventional two axes machine model is modified in
order to include the influence of the saturation and cross saturation effect on the self
and cross coupling inductances in the direct and the quadrature axes. The self and cross
coupling inductances values are stored in lookup table in the motor model. The
proposed scheme does not require additional complicated algorithms or signal injection
schemes especially at very low speed operation. The sensorless estimation algorithm is
combined with torque /flux SMC as in Ref. [27] to obtain high performance at wide
range of speed operation without motor speed or position measurements. In addition, a
fuzzy logic stator resistance estimator is designed to ensure high performance at all
speeds. The stator resistance variation is detected based on variation of the stator
current vector amplitude. Computer simulations are carried out to evaluate the
performance of the proposed scheme. To demonstrate the validity of the proposed
scheme, the motor speed, estimated speed and rotor position are compared with those
measured previously [11]. The results show that the simulation results of the proposed
technique are closer to the measured results of the technique proposed in [11].

2. DYNAMIC IMPSM MODEL TAKING SATURATION AND
IRON LOSS INTO ACCOUNT

The equivalent circuit of the IPMSM based on a synchronous d-q reference frame is
shown in figure 1. From the equivalent circuit, the dynamic motor model in the
synchronous rotating frame taking saturation and iron loss into account was given as
[22-24]:

Vd = Rsld + depldm + quplqm - a)e/lq (1)
Vq = Rszq + qupzqm + qupzdm+a)e/1d )
where R is the stator resistance, V,,V_ are the voltage components in the
synchronous reference frame, i,,i , are the line current components in the

synchronous reference frame, i,,,i,, are the magnetizing current components and

gm

@, is the electrical rotor speed.

The stator flux linkage components (A, , A, , ) can be written as:
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where, L,,and L are the direct and quadrature axes self inductances and can be

defined as follows:
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L,, and L, are the direct and quadrature axes cross coupling inductances and can
be defined as follows:
L, - oA, (i,i,m,iqm) N A‘,?,d| L, o4, (ii,m,iqm) N qu|
i, Ai,, o comst Oiy,, Ai,, i =const

The magnetizing current components (idm and iqm) are calculated from the

difference between the line current components and the iron loss current components

( idi and iq ; ) and can be expressed as:
La —Llai (5)
i, =1 —1_. ©6)

where, in steady state, the d-q iron loss currents components can be written as
follows:

A
idi - _h @)
Ri
. A
by = )

i
where R; is the core loss resistance. The motor electromagnetic torque can be written in
terms of the magnetizing current and flux linkage components as follows:

T, = 1.5P(Ayi,, — Ay )
The mechanical equation of [IPMSM can be written as follows:

T,-T,—D
po, = % (10)

where D is the damping coefficient.
The stator flux linkage amplitude can be expressed as:

2 2,05
A=A+ 40 (11)
In the equivalent circuit of figure 1, the iron loss per phase is modeled as

L2 .2
P =R, (lqi +iy) (12)

The value of the core loss resistance can be modeled as a function of the
operating frequency and the no-load core loss resistance (R;,). The core loss resistance
R; is divided into two parallel resistances for hysteresis losses and eddy current losses,
respectively. The hysteresis losses resistance (R;;, ) is proportional to the frequency and
the eddy current resistance (R;, ) does not depend on the frequency. Their expressions
can be written as follows [23-24]:
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R, = R(w j (13)
@,

Rie = Rieo (14)
1)

R =R,+R, =R, +R,,|— (15)
@y

The iron loss resistance at different values of motor speeds is drawn in figure 2 [24].
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Figure 1: d and q axes equivalent circuits for an [IPMSM taking iron loss into account.
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Figure 2: Variation of iron loss resistance with an operating frequency.

Saturation and cross-magnetization modeling of an anisotropic synchronous
machine (e.g. IPMSM) requires data regarding direct and quadrature axes magnetizing
curves. While the magnetizing curve for the direct axis is generally known, the
magnetizing curve for the quadrature axis is usually not available. If both direct and
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quadrature axes magnetizing curves are known, then the two saturation factor approach
to saturation representation may be utilized [22]. However, in most practical cases
quadrature axis magnetizing curve is not available, or it is assumed that direct and
quadrature magnetizing curves depend, for a given machine, solely on the resultant
magnetizing current. The saturation of machine is in this case usually represented by
means of a single saturation factor approach. Consequently, the conventional two-axis
machine model is modified in order to include the influence of saturation and cross-
coupling effects on the variation of self- and cross-coupling inductances in the direct
and in the quadrature axis, which depend on both the direct and the quadrature axis
currents. The modified two-axis machine model parameters are evaluated by
experiments performed on the IPMSM using a controlled voltage-source inverter [22].

The nonlinear characteristic ﬁq (iq,n,idm =const.) is presented in figure 3 for one

magnetization cycle. For the obtained nonlinear characteristic, the average value of
current is calculated for each value of the flux linkage. In this way, the complete curve
presented in figure 4 is generated. Figure 5 shows the values of the self and cross
coupling inductances for different values of d- and q-axis currents.

3. SPEED ESTIMATION OF THE IPMSM BASED ON ACTIVE
FLUX CONCEPT

The concept of active flux for the IPMSM taking iron loss and saturation effect is
defined as follows:

}z’a = /lf + (de - qu)idm (16)

The pervious equation indicates that the active flux vector is aligned with the
d-axis of the rotor frame as shown in figure 6.
Using equations (16), one can obtain:

/Ia = Z’d - qu ldm (17
The g- axis stator flux component can be expressed as:
0 =4-L,i, (18)

Combining equations (17) and (18), the active flux can be described in the
space phasor form as:

by =A-L, 0 (19)

where /’La , ﬂs , and ! are the active flux , stator flux and stator current space

vectors respectively.
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Figure 5: variation of the self and cross coupling inductance with d- and g- currents.
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Figure 6: Space position of the stator and active flux vectors.

Substituting the stator flux in equation (19) by the integration of the back emf,
the active flux vector becomes:

2, = [(V, = Ri)dt — L, (20)
Equation (20) indicates that the active flux vector can be estimated using the

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

A, =220, @1)

q

~

where /’La ,and & ., are the amplitude and angle of the active flux space vector.
The rotor position angle is estimated in terms of active flux components as:

A A
6, =tan™' (ﬂ—ﬂ“) (22)

where A, and /'Lﬂa are the stationary components of the active flux in the stator

frame.
The motor speed can be estimated in discrete form from the time differentiation of
equation (22) as:
dé . ()i (iﬁa e — (ﬂ’ﬁa Vit (i

ad, _ )
D= T, (A + ()2 29

where the active flux components are calculated at the samples k and k-1 , and

TS is the sampling interval.

The block diagram of the speed estimator is shown in figure 7. In this figure,
the rotor position, speed, stator flux linkage and electromagnetic torque are estimated
from the measured voltage and current signals. The implementation of the estimator is
very simple and does not require any additional computational or external injection.
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Figure 7: Block diagram of torque, stator flux, rotor speed and position estimator.

4. STATOR RESISTANCE ESTIMATION ALGORITHM BASED
ON FUZZY LOGIC ESTIMATOR

The stator resistance changes due to the change in temperature or frequency during the
operation of the machine. At high speeds, the stator resistance voltage drop is small
compared to the stator voltage. At low speeds, this drop becomes the dominant.
Therefore, any change in stator resistance gives wrong estimation of the stator flux and
consequently the electromagnetic torque and the stator flux position. An error in stator
flux position is more important as it can cause the controller to select a wrong
switching state which can result in failure of the controller. Moreover, in the case of
sensorless speed control, the mismatched stator resistance introduces an error in the
position and speed estimation. Among other variables of the machine, the stator current
vector is highly affected by the resistance changes [25-26].

Let the change in the stator resistance be AR, which causes a Ais change in

the stator current. The nominal stator resistance is used to estimate stator flux and
electromagnetic torque as:

A, = [(V, = R,G, + Ai,)dt (24)
T.=1.5P (1)®( +Ai) (25)

where " & " denotes the cross product operator.
Considering the change in the stator resistance to be in the machine model, the
actual stator flux and electromagnetic torque can be written as follows:

2, = [(V, = (R, + AR, + i dt (26)
T =1.5P(4)®( +Ai,) (27)

The errors in the stator flux and torque due to the change in the stator
resistance are given by:

AL = A, — A, =—[ AR (i, + Ai)dt (28)
AT; = T; _j:; = ISP(/IS _is) ®(ls +Als)
=1.5P(- [ AR (i, + Ai ) ® i, +Ai,) 29)
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The pervious equation gives the change in electromagnetic torque as a function
of changes in stator current and stator resistance. It also shows that the torque, current,
and stator resistance errors are all related. In this section, the difference between the
actual current vector and the estimated current vector will be used to compensate the
change in the stator resistance. The estimated current vector can be derived from the
estimated torque and active flux based on the motor current model. The d-axis current
component can be estimated from the active flux magnitude as follows:

. A A,

i, = 30
dm Ld _ Lq ( )
Combining equations (30) and (9), the g-axis current is estimated from:
. T
(31

l m = . o
™ 1L5P(A, + (L, — L),
Using equations (30) and (31) the magnitude of the stator current (neglect the
iron loss current components) is estimated as:
c 2 Y 2,005
i, =, +i,k ")

gm

(32)

The error between the estimated and actual current vectors can be expressed as
follows:

e(k) =1,(k) i, (k) (33)
The change in current error will become:
Ae(k) =e(k)—e(k —1) (34)

The current error and the change in current error are used as inputs to a fuzzy
logic estimator in order to predict the change in the stator resistance AR . Each of the
input and output variables to the fuzzy logic block are divided into seven fuzzy
segments, namely, NL, NM, NS, ZE, PS, PM, and PL. The range of control (or
universe of discourse) for stator current error is chosen between 0.1A and - 0.1A, and
its change is chosen between 0.05 and -0.05 amp. Also, the change in stator resistance
is chosen between 0.05 and -0.05 ohm. Triangular functions are used for membership
distribution. Figure 8 shows the membership distribution for the current error, change
in current error and change in stator resistance. Fuzzy rules are selected to give the
variation in the stator resistance. Each control rule can be described using the input

variables €(k) , Ae(k) and the output variable AR .

The i" rule r; can be expressed as:

ri: if eis A;, Aeis B;, then AR is N; (35)
where A;, B;, N; are the fuzzy subsets. The total number of rules is 49 rule which are

given in table 1. The interface method used in this paper is Mamdani’s procedure. The
firing strength o; for ith rule is expressed as:

a; = min(u(e), p1(Ae)) (36)

where p(e) and ,U(Ae) are the membership grade of the current error and the
change in the current error, respectively. The membership function of the resultant



544 A. M. El-Sawy, and E. G. Shehata

aggregation is obtained by the maximum method. The maximum method takes the
maximum of their degree of support (DoS) values.

In the defuzzification stage, a crisp value for the output variable (change in
resistance AR ) is obtained using the mean of maximum (MoM) operator [25]. The

change in the stator resistance (AR,) is added to the previously estimated resistance.

The block diagram of the stator resistance estimator is shown in figure 9.

V'
UGN SINTH NM NS Z PS PM PL

A

>
-0.05 -0.03 -0.02-0.01 ( 0.01 0.02 0.03 0.05

Change in current error
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Change in resistance.

Figure 8: Input and output membership functions of the fuzzy logic estimator.

The block diagram of the speed proposed sensorless torque/flux sliding mode
controller of the IPMSM is shown in figure 10. In this figure, the stator flux vector and
the motor torque are estimated from the measured voltage and current signals. The
rotor speed and position angle are estimated based on the active flux. The SMC is
designed to generate the stator reference voltage based on the torque and flux errors as
in Ref. [27]. Space vector modulation is used to generate the inverter firing signals
based on the reference value of the stator voltage in addition to the constant switching
frequency. Two level three phase inverter is used to feed the IPMSM. The iron loss
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and saturation effect are taken in the motor modeling. No additional measurements or
axis transformation are required.

Table 1: Fuzzy rules for the fuzzy resistance estimator

e(k

Ak W) NL NM NS Z PS PM PL
NL NL NL NL NL NM NS Z
NM NL NL NL NM NS Z PS
NS NL NL NM NS Z PS PM

Z NL NM NS Z PS PM PL

PS NM NS Z PS PM PL PL
PM NS Z PS PM PL PL PL
PL Z PS PM PL PL PL PL

\7 * ~
’>S y —> J Lam lS
- eqns. —»  eq. +
T (30 - (32) @
31) |,
Rs I
_ fam r
; s
Pl
R (k 5
S( ) (k) fuzzy logic + J e(k)

+ estimator ‘_ébf Z-
R Ae(k)
Z-1

Figure 9: Block diagram of the stator resistance fuzzy logic estimator.

5. RESULTS AND DISCUSSIONS

Simulation results are carried out to evaluate the performance of the proposed scheme.
The self and cross coupling inductances variation are taken into the motor model, while
the self inductance variation only is considered in the observer design. The simulations
are carried out to evaluate the performance of the proposed scheme at standstill, low
and high speed operation with load disturbance and stator resistance variation in the
presence of core loss and saturation. The simulation results are compared with those
measured in the literature [11] to evaluate the validity of the proposed scheme. In [11],
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a high frequency signal injection technique and a sliding mode observer are companied
together to estimate the rotor speed, position and stator resistance of the IPMSM.
However, the scheme in [11] is more complex compared to the proposed scheme. The
IPMSM parameters used in the proposed and pervious schemes are the same and given
in appendix L

Vdc
* T
o, ez €r — VY Vv Save |'”‘| IPMSM model
—+@—' PI 'CJ e ol y — taking iron loss
SMC ' g | SVM =g Inverter and saturation
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A~ i N ——
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[b — and position [ <@=——
r estimation

Figure 10: Block diagram of the proposed sensorless torque/ flux SMC.

5.1 Drive operation at high speed and load disturbance

The motor was initially running at 1000 rpm under no load condition, and full load
torque was applied at t = 2.5 s. Figure 11a shows the dynamic speed response of the
proposed scheme taking saturation and iron loss into account. It is shown that a dip
occurred in the motor speed when the load torque increased. The figure shows that the
dip in the rotor speed is very small during the transient interval and quickly decays to
zero. In addition, the figure shows the quadrature axis self inductance variation at high
load torque. Figure 11b shows the actual speed, estimated speed and position error of
the scheme proposed in the literature [11]. By comparing the figures, it is noticed that
the simulation and experimental results agree to some extent under the same operating
conditions. In addition, taking the saturation effect and iron loss into account improves
the theoretical results.

5.2 Drive operation at very low reversible speed

In this case, the reference speed is reversed from — 5 to 5 rpm with full load torque
applied. Figure 12a shows the simulation results of the proposed scheme under these
conditions. As shown in the figure, the estimated speed follows the actual speed very
well during the reversal operation. The position estimation error is very small, which
confirms the effectiveness of the proposed algorithm. Figure 12b shows the
experimental results in the literature [11]. As shown in the figure, some oscillations
appear in the actual and estimated speed waveforms. These oscillations may be as a
result of the chattering phenomena of sliding mode observer.
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Figure 11: Actual speed, estimated speed, speed error and position error at high speed.
(a) The active flux with taking saturation effect and iron loss into account (simulation)
(b) The high frequency injection and sliding mode observer (experimental).

5.3 Drive performance at standstill

Figure 13a and b shows the measured speed, estimated speed and position error
waveforms of the proposed scheme and the pervious one [11] respectively, at zero
speed operation with full load torque steps. The load was initially applied to the motor
att = 0.5 sec. and was subsequently removed at t = 2.75 sec. Figure 13a shows that the
perturbation in the rotor speed is small, even during load dynamics. It is observed that
the estimated speed tracks the actual speed very well and the position estimation error
is very small during transients and steady state. Small dips occurred in the actual and
estimated speeds of the proposed scheme during load disturbance. Hence, the proposed
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scheme is capable of persistent zero-speed operation with full load torque. In figure
13b, the actual and estimated speed waveforms of the experimental results have some
oscillations as a result of the chattering of the sliding mode observer.
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Figure 12: Actual speed, estimated speed and position error at standstill operation.
(a) The active flux -SMC taking saturation effect and iron loss into account
(simulation).

(b) The high frequency injection and sliding observer (measured).
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Figure 13: Actual speed, estimated speed and position error at standstill operation
(a) The active flux (simulation)
(b) the high frequency injection (experimentally)

5.4 Drive performance at stator resistance variation

Figure 14a shows the response of the proposed drive due to a step change in stator
resistance without stator resistance estimation. The motor was running under half full
load condition at 500 rpm when the stator resistance was increased steeply by 40% at t
= 1.15 sec. The actual speed, estimated speed and speed estimation error waveforms of
the proposed scheme are shown in the figure, respectively. The figure shows
oscillations in the actual and estimated speed waveforms. If a stator resistance
estimation algorithm is used, the speed oscillation will disappear as shown in figure
14b. The figure shows that the actual and estimated resistances are aligned. Figure 15¢
shows the scheme performance when the saturation and iron loss are taken into
account. A small oscillation appears in the estimated speed and the estimated resistance
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at the instant of stator resistance variation. However, these oscillations are damped
quickly. Figure 15d shows the estimated stator resistance and speed estimation errors
of the scheme in literature [11]. The resistance adaptation law is able to precisely
identify the stator resistance in less than 1 sec. By comparing figures 14c and 144, it is
shown that the proposed fuzzy estimator response is faster than that in the literature.
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Figure 14: Stator resistance variation effect on the scheme performance:

(a) Without stator resistance estimation and saturation effect and iron loss into account.
(b) With stator resistance estimation and without saturation effect and iron loss into
account.

(c) With stator resistance estimation and taking saturation and core loss into account.
(d) The high frequency injection and sliding mode observer (experimental).
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6. CONCLUSION

In this paper, the speed sensorless control of the IPMSM based on direct torque control
is studied. The rotor speed and position was estimated online based on active flux
concept. The effect of the saturation and iron loss were taken into account to improve
the theoretical results. To improve the classical DTC performance, a sliding mode
controller combined with SVM was used to replace the classical hysteresis controllers
and lookup table of DTC. In addition, a fuzzy logic estimator was proposed to estimate
the stator resistance variation online. To evaluate the performance of the proposed
scheme, simulation works were carried out and compared with published results. From
the present analysis and simulation results, one can draw the following main
conclusions:

1-  The speed estimation algorithm based on active flux concept gives accurate
estimation of the rotor speed and position at standstill, low and high speed
operation. The estimated and actual motor speeds can trace well the reference
value. The speed and position errors of the proposed scheme are low compared
to the published results.

2- Speed reversal operation of the proposed scheme is studied. The motor speed
and the estimated speed are aligned. The speed and position error are small.
Also, the simulation results agree with the experimental results.

3- For speed estimation based on active flux concept, the stator inductance
variation due to saturation phenomena can cause unacceptable performance.
On the other hand, taking inductance variation into account improves the
calculated results.

4- The fuzzy logic estimator can detect well the thermal variation of the stator
resistance. The estimation error is very low during a ramp or step variation of
the stator resistance. Compared to the published results, the proposed fuzzy
estimator is faster and more accurate than the sliding mode observer.

APPENDIX I
Parameters and data of the IPMSM

Rated power (W) 1000 Rated phase voltage (V) 132
R (Q) 5 Magnet flux linkage A; (Wb) 0.533
L, (H) 0.1 Rated torque Te (N.m) 6

Ly (H) 0.05 DC voltage (V) 300
No. of pole pairs 2 Base speed (rpm) 1500
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