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motors with nonsinusoidal EMF waveform

C.H. De Angelo, G.R. Bossio, J.A. Solsona, G.O. Garcia and M.I. Valla

Abstract: A novel sensorless speed-control strategy for permanent-magnet AC motors (PMACMs)
is presented. A nonlinear reduced-order observer and a high-gain observer are designed to estimate
the induced EMF, without mechanical position or speed sensors. In contrast with previous
proposals, the EMF estimation is performed without previous knowledge of its waveform. From
the estimated EMF, the rotor speed and the position derivatives of flux are calculated and used for
the implementation of a PMACM speed control without mechanical position sensor. The proposed
strategy is not limited to PMACM with sinusoidal or trapezoidal EMF waveform. Moreover, it
allows the PMACM ripple torque and copper losses to be minimised. The performance of the
proposal is validated through simulation and experimental results.

1 Introduction

Permanent-magnet AC-motor (PMACM) drives are widely
used in high-performance applications. These motors are
preferred because of the absence of rotor windings, their
high efficiency, their high torque-to-inertia ratio and their
power density.

However, an important disadvantage of PMACMs is
their torque pulsations. This pulsating torque is produced
by different reasons [1, 2J:

(a) distortion of the actual airgap-flux waveform with
regard to the ideal waveform due to the motor geometry;

(b) distortion of the excitation currents due to the invertor
commutation and the current controller;

(¢) low resolution or offset in the current measurement;

(d) delay in the synchronisation between the excitation
currents and the actual rotor position; and

(e) magnetic reluctance variation due to stator slots and
other irregularities.

The pulsating torque produced by the interaction of stator-
current magnetomotive forces and rotor-magnet flux
distribution or the angular variation in the rotor magnet
reluctance is called ‘ripple torque’. The pulsating torque
generated by the interaction of the rotor magnetic flux and
angular variations in the stator magnetic reluctance is
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known as ‘cogging torque’ [1]. Recently, different techni-
ques have been proposed to reduce torque pulsations. These
techniques can be divided into two groups [1-3]:

(i) motor-design techniques; and
(ii) active control techniques.

Motor-design techniques allow an important reduction of
cogging torque, though its complete elimination is not
possible. Within the second group, several techniques, such
as preprogrammed stator-current excitations to cancel the
torque harmonic components [4-6], torque estimation based
on model reference adaptive schemes [7] and iterative
learning control [3], have been proposed.

In [8], a programmed current-waveform control strategy
for ripple torque and ‘copper-loss’ minimisation is pro-
posed. In this proposal, excitation currents, synchronised
with rotor position, are calculated on the basis of the
instantaneous-reactive-power theory [9]. The implementa-
tion of this strategy requires a previous knowledge of the
position derivative of the linked-flux waveform (induced
electromotive force divided by speed), and the use of a
position sensor to generate the excitation-current references.
The use of a position sensor increases the drive costs and
reduces its mechanical robustness. This is the main reason
why several PMACM control techniques are used which
avoid the use of mechanical position or speed sensors. These
proposals are applicable to PMACMs whose induced
electromotive force (EMF) is perfectly sinusoidal or
trapezoidal [10], but they do not take into consideration
the case of PMACMs with other EMF waveforms.

In this work, a novel sensorless speed-control strategy for
PMACM is presented. A nonlinear reduced-order observer
and a high-gain observer are designed to estimate the
induced EMF, without mechanical position or speed
sensors. From the estimated EMF, the rotor speed and
the position derivatives of flux are calculated, and used in
the implementation of a PMACM speed control without
mechanical position sensor. The main advantage of the
strategy proposed in this paper is that the controller does
not need information about the motor-EMF waveform, as
is usually required when an observer for high performance
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is to be designed. This waveform does not necessarily need
to be sinusoidal or trapezoidal, as other proposals reported
in the literature do; indeed it can take any shape. As a
consequence, the strategy is very robust in the face of the
uncertainty in the EMF waveform. This waveform does not
always coincide with that reported by the manufacturer; it is
even possible to replace a motor having a different EMF
waveform, without performing a laboratory or a self-
commissioning test to know the new EMF waveform. In
addition, this proposal does not need to use a mechanical
position or speed sensor, allowing PMACM ripple-torque
and copper-loss minimisation.

2 Permanent-magnet AC-motor model and
control strategy

2.1 Model

In order to develop the control strategy, the dynamic model
of a PMACM is written in a stationary reference frame
o—-0 [11]:
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where, i, ig, €5, ep, €y, Uy, Up, Uy represent the current, EMF
and voltage components, respectively, in the stationary
reference frame o—f—-0; R and L are the stator resistance and
inductance, respectively; 0, o and T, represent the rotor
position and speed, and the electromagnetic torque
produced by the motor; J and B are inertia and viscosity,
respectively; and 77 is the load torque.

Despite the fact that the motor has no connection to the
neutral point, and therefore no zero-current component can
exist, the equation corresponding to the zero-voltage
component is included in the motor model (1). This permits
the extraction of some additional information about the
harmonic components that exist in the phase-to-neutral
EMF waveform.

The EMF induced into the stator windings can be
obtained as the time derivative of the linked flux:

04, db
ea = 60 E - ¢0{(9)w
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where, 4,, Ag and /, are the linked-flux components. The
position derivatives of the linked flux, ¢;(0)(i = «, 3,0), are
functions of the rotor position and depend on the motor
construction.

The electromagnetic torque can be expressed by [11]

Therefore it is evident that, to obtain a constant torque,
currents whose waveform depends on the functions ¢, and
¢ must be imposed.
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2.2 Minimum-ripple-torque-control
strategy
The ripple-torque-minimisation strategy presented in this
work is based on that proposed in [8]. The motor control is
carried on by imposing stator currents whose waveforms,
synchronised with the rotor position, are calculated on the
basis of the instantaneous-reactive-power theory [9]. Con-
sidering that the torque developed by the motor depends on
the instantaneous active power, the motor torque is
controlled by manipulating the active-current components.
On the other hand, instantaneous reactive power does not
contribute to torque development, but produces reactive-
current circulation. Therefore, instantaneous-reactive-cur-
rent components are set to zero to minimise copper losses.
For the implementation of this strategy, stator-current
references are calculated by the expressions

i, = zT:d)OC 2

b, + ¢ 5
iy = 2T:¢/52

(ba + d)/;

where variables x* represent the reference of x. A more
detailed development of this expression can be found in [8].

To implement this control scheme, it is necessary to know
the position derivatives of the linked flux ¢, (0)(i = o, f8, 0).
Using a position sensor, ¢; (0) can be determined ‘offline’ in
an experimental way for each particular motor, and stored
in a look-up table to permit easy calculation of the current
references according to (5). However, the goal of the present
proposal is to design a control law that avoids the use of
linked flux and rotor-position sensors. For this reason, an
observer is used for obtaining estimates for those variables.
These estimates replace the position derivatives of linked
flux and speed values in the control law.

3 Proposed observer

To avoid the use of linked flux and mechanical-position
sensors, it is necessary to estimate the rotor speed and the
position derivatives of flux from the electrical measurable
variables. The rotor speed is needed to close the speed-
control loop, and position derivatives of flux are needed to
generate the current references to minimise the ripple torque
and copper losses (5).

As it can be seen in (3), the information about rotor
speed and position derivatives of flux (¢ functions) can be
obtained from the induced EMF [12]. To do that, a novel
nonlinear observer is proposed in this paper. This proposal
uses a nonlinear reduced-order observer and a high-gain
observer to estimate the induced EMF without previous
knowledge of its waveform, measuring motor currents and
voltages. Once the EMF is estimated, the position
derivatives of the linked flux and the rotor speed are
calculated.

The time derivatives of the induced EMF components
o—pf in (3) are first calculated to implement the observer:

de, do, do
- a O 2 dt ©)
by, do

a - @ Oty
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From (6), the following EMF observer can be designed:

de, _db, . di, . di,
dr dt +¢“ g<¢ﬁ Lw)

dey _dby | ¢p—+g<LdZﬁ Lﬁ)

dt dt dt dt
where (A) stands for estimated variables and ¢ is a cons-
tant value. The observer copies the EMF dynamics, and
employs the error between estimated and actual current
derivatives as a correction term. Note that e, is not
estimated, since it can be calculated on the basis of voltage
measurements.

The time derivatives of the estimated currents, used in

the correction term of the observer, can be calculated
from (1):

(7)

di, R 1 1

A AR A

dig R, 1. 1
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The time derivative of the estimated speed (acceleration, &)
can be obtained from (2) and (4), assuming that no load
torque exists (77 =0):

(8)

. do B

0= G =5 (Bt dyin) 50 ®
The calculus of the time derivative of the measured currents,
used in the correction term (7), could introduce estimation
errors, due to the measured current ripple and measurement
noise. To reduce this error, the following change of variable
is proposed:

Aac = Aa( Li,
E,=ey +glLi } (10)

&l; = é[j + gLi/g

where éa, Eﬁ are auxiliary variables.
Differentiating (10), and substituting the derivatives
defined in (7) and (8), the proposed observer results in

¢, _do, .
dt  dt
@ d</5/s o
dt dt
To obtain the time derivatives of &), a reduced-order high-
gain observer is proposed, which is essentially an approx-
imate ‘differentiator’ [13]. It is designed by employing the
variable ¢ as an estimate of ¢, and using its derivative

(d¢/dr) as the estimate of (d¢/dr). The reader can refer to
Appendix 1 (Section 9.1) for a detailed development of the
following expressions:

dp,  1(. 1,
dr S(X“+s¢°‘>

+(/)1a+g( Ri, — &, + vy)

(11)
&+ dpa+ g(—Rig — &5+ vp)

(12)

where X, X, s are auxiliary variables, and ¢ is a small positive
parameter. Then,

d(;so: d(rboz_A 1.
o S a et i~
dp,  doy 1.
o S a Wt
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Thus, the EMF observer will be given by

d%xi S 1~ ~ 7oA
dt - </Cy +E¢a)w+¢aa+g

(—Ri, — &, +vy)

sy (. 1.\ . 4. o
71"3 = (}{/3 Jrg(b,g)&) + (ﬁpa Jrg(*Rl/; —ep+ U[g)
(14)
and the estimated EMF can be obtained by solving (10):
ey = Ea —gLi
o ’ o } (15)
eg = fﬁ — gLig

From some experiments performed with several PMACMs
[14, 15], it has been determined that the induced EMF
components obey to the approximation

&+ — 4 = (92 + ¢ —493) = K (16)

where K is a coefficient that depends on the motor
characteristics. Based on this approximation, the rotor
speed can be calculated from (16):

- = \/ (¢2+ ¢ - 4c3) (17)

As it can be seen in (17), it is not possible to determine the
sign of the estimated speed from this expression. However,
it can be demonstrated that the sign of the estimated speed
can be calculated by using the expression

dA
sign(d) ~ sign (qby 2 d>ﬁ d, )

=~ sign (b, — by

This can easily be proved when ¢ are sinusoidal functions.
Then, the estimated speed can be calculated as

&= %Sign(q}%fgﬁ —bpta) /(@ + 8 —4g4)  (19)

From the estimated speed, the estimates of the position
derivatives of flux, necessary to implement the torque
control law (5), are calculated as follows:

(18)

) (20)
¢[3:5ﬁ

As can be seen in (20), this observer cannot be used at very
low speed, just like other proposals based on the estimation
of the induced EMF. However, a slight change should be
included in the algorithm to ensure its proper operation
during a speed reversal. If low-speed or standstill operation
is needed, the proposed observer should be combined with
some open-loop starting procedures or signal-injection
techniques, as proposed in the literature [16].

Note that the proposed observer and the sensorless
control strategy are based on the model given by (1)+4),
where a constant inductance, a linear friction and inertia
were assumed. Parameter uncertainties and nonlinearities
can cause the estimation error to converge asymptotically to
a small nonzero value. However, it is possible to reduce the
asymptotic estimation error by increasing the value of g
[17]. In addition, it is well known that mismatches between
the motor and the model can affect the drive performance
adversely. To overcome this drawback, a PI controller is
included in the speed-control loop.
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Fig. 1 Block diagram of the sensorless speed control

4 Application in a sensorless speed control for
different motors

Figure 1 shows a simplified scheme of the proposed
sensorless speed control for PMACMSs. It has an external
speed-control loop fed back by the estimated speed, and
an internal torque-control loop. Current references for
the invertor current-control loop are generated through
(5) by employing the functions estimated by the observer.
The implemented algorithm is shown in Appendix 2
(Section 9.2).

In the following paragraphs, some results obtained by
numerical simulation of the system shown in Fig. 1 are
presented. Three types of motors, with different induced
EMF waveforms, were simulated:

(@) PMACM with sinusoidal EMF (ideal);
() PMACM with trapezoidal EMF (ideal); and

(¢0 PMACM which EMF is neither sinusoidal nor
trapezoidal (Axial Flux PMACM with experimentally
determined waveform).

The same parameters were used for all the motors (see
Table 1); the induced EMF waveform being the only
change.

The motor is supposed to be driven by a current-
controlled PWM voltage-source invertor as shown in Fig. 1.
The current references are calculated with the proposed
algorithm.

Figures 24 show simulation results of the steady-state
operation of the three motors under consideration. Figure 2
corresponds to the sinusoidal-EMF PMACM; Fig. 3 to the
trapezoidal-lEMF PMACM; and Fig. 4 to the axial-flux
PMACM. For each motor, the waveform of the position
derivative of flux, corresponding to stator phase a, is shown
in Figs.2a, 3a and 4a. The actual and estimated
components of the position derivative of flux in a stationary
reference frame are shown in Figs. 26 and ¢, Figs. 3b and ¢
and Figs. 4b and c, respectively. It can be seen from these
figures that the proposed observer estimates correctly the
position derivative of flux for each motor, using only the
voltage and current measurements.

In Figs. 2d, 3d and 4d, the simulated electromagnetic
torque for the same operating condition is shown. It can be
seen that the motor torque has only a high-frequency ripple
produced by the switched currents; but the undesired torque
harmonics (6th, 12th etc.) [1] have been eliminated.

Figures 5 and 6 show the transient behaviour during
start-up, application of unmodelled load torque and speed
reversal. Figure 5 shows the actual speed (solid line) and
reference speed (broken line) for each motor, when a step
speed reference of 250 rev/min is applied to the unloaded
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Table 1: Motor and observer parameters

Three-phase permanent-magnet motor

16 poles, 2000 rev/min 15 KW

R=10mQ L=100pH
J=0.78 Kgm? B=0.0015Kgm?/s
K=0.5021

Observer parameters

g=400 ¢=0.0001

¢, Vs/rad

phase-a function

06 . . . . f . . ) .
0.70 0.71 0.72 0.73 0.74 0.75 0.76 0.77 0.78 0.79 0.80
time, s

actual ¢, ¢/; and
¢ Vs/rad

06 . . . . f . . ; A
0.70 0.71 0.72 0.73 0.74 0.75 0.76 0.77 0.78 0.79 0.80
time, s

06
0.3}

0 -
& 03}

06 A A A A f . A ) "
0.70 0.71 0.72 0.73 0.74 0.75 0.76 0.77 0.78 0.79 0.80

time, s

Vs/rad

-~

estimated ¢, and

c

20
151
101

5.

b4
':m

actual torque

0.70 0.71 0.72 0.73 0.74 0.75 0.76 0.77 0.78 0.79 0.80
time, s

d

Fig. 2 Steady-state performance of PMACM with sinusoidal
EMF (simulation results)

a Actual phase-a function ¢

b Actual ¢, (solid), ¢4 (broken) and ¢ (chain dotted)

¢ Estimated g})m (solid) and (}ﬁ (broken)
d Actual torque T,
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Fig. 3 Steady-state performance of PMACM with trapezoidal
EMF (simulation results)

a Actual phase-a function ¢

b Actual ¢, (solid), ¢4 (broken) and ¢ (chain dotted)

¢ Estimated rZ)a (solid) and &5[3 (broken)

d Actual torque T,

drive. At 4s an 8 Nm load torque is applied. All three
motors show a good transient response with negligible effect
of the nonmodelled load torque.

In Fig. 6 the actual speed (solid line) and reference speed
(broken line) during a speed reversal are presented. The
three graphs correspond to the three motors under analysis.
As stated above, the proposed observer cannot work at zero
speed, so hysteresis was added around null speed to allow
speed reversal without indetermination. Again, this results
show an acceptable closed-loop response even when cross-
ing zero speed.

In summary, simulation results show a good closed-loop
response in steady-state and transient operation. The torque
ripple is almost negligible when the proposed observer and
control strategy are used.

5 Experimental results

To validate the proposed control scheme, a laboratory
prototype drive was implemented using an axial-flux
PMACM, whose parameters are shown in Table 1. The
PMACM motor was fed with a voltage-source invertor
with a fast current-control loop. Motor voltages and
currents were measured using standard Hall-effect sensors
and 12-bit A/D convertors. The acutal speed was also
measured, to compare it with the estimated one. The
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Fig. 4 Steady-state performance of axial-flux PMACM (simula-
tion results)

a Actual phase-a function ¢

b Actual ¢, (solid), ¢4 (broken) and ¢y (chain dotted)

¢ Estimated rZ)a (solid) and (2),; (broken)

d Actual torque T,

observer and the control strategy were implemented on a
PC in ‘C’ language. Differential equations were discretised
using the Euler method with a 200 pus sampling period. The
experimental data were captured using a digital scope and
plotted with the simulation software for an easier
comparison with the simulation results. High-gain observer
variables were appropriately scaled to avoid ill-conditioning
problems with very small ¢ values. Note that four
differential equations must be solved to implement this
observer; therefore it is equivalent to the implementation of
previously proposed full-order observers [18] as regards the
computational time.

Figure 7 shows the actual (Fig.7a) and estimated
(Fig. 7b) position derivative of flux when the motor is
running at 300rev/min. As can be seen, the estimated
waveform of the position derivative of flux is very similar to
the actual waveform. This allows the use of the estimated
waveforms to minimise the torque ripple and copper losses.
The time derivatives of ¢, and ¢, estimated by the high-
gain observer, are shown in Fig. 7c. The measured current
waveforms in the o—f reference frame (i,, ig) are shown in
Fig. 7d.

To test the observer response, initially the motor-drive
control loop was closed using the measured variables. A
low-speed test is presented in Fig. 8. The unloaded drive is
running at 10rev/min when a sudden change in the
reference speed occurs. The estimated and measured speeds
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Fig.5 Start-up and nonmodelled load-torque test (simulation

results)
Reference speed w* (broken) and actual speed o (solid)

a PMACM with sinusoidal EMF

b PMACM with trapezoidal EMF
¢ Axial-flux PMACM
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Fig. 6 Speed-reversal test (simulation results)
Reference speed w* (broken) and actual speed w (solid)
a PMACM with sinusoidal EMF

b PMACM with trapezoidal EMF

¢ Axial-flux PMACM

are shown in Fig. 8¢ and b, respectively. A speed-reversal
test is shown in Fig. 9. It can be seen that the speed sign
cannot be determined precisely at low speed, owing to the
above mentioned measurement noise.

Figures 10-12 show the closed-loop-drive performance
when the estimated variables are used in the control
algorithm. A high-speed test is shown in Fig. 10, when the
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Fig. 7 Experimental results (variables in a stationary reference
frame)

a Position derivatives of flux ¢, (solid) and ¢z (broken), measured

b Position derivatives of flux ¢, (solid) and ¢4 (broken), estimated

¢ Time derivatives of ¢, (solid) and ¢4 (broken), estimated

d Currents waveforms, i, (solid) and ig (broken), measured
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1] 100
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o £

s 50 | i
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100 .
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[
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n n n n n n n n

-0.5 0 05 10 15 20 25 30 35 40
time, s
b

Fig. 8 Low-speed estimation (experimental results)
a Measured speed
b Estimated speed &

reference speed (broken line) goes from 1000 rev/min to
2000 rev/min. The low-speed test is shown in Fig. 11, when
a reference speed profile (100-500-100 rev/min) is applied.
In these Figures, a good closed-loop response can be
observed, even at low speed and with braking action.

In Fig. 12, an 8 Nm constant load torque is applied at § s,
in order to test the sensorless-drive response with non-
modelled load torque. A small steady-state error appears in
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measured speed,
rev/min
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-500
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Fig. 9 Speed-reversal test (experimental results)
a Measured speed »
b Estimated speed &

2000

1500

rev/min

1000

reference speed and
measured speed,

-2 0 2 4 6 8 10 12 14 16 18
time, s

Fig. 10 Sensorless closed-loop test (high-speed) (experimental
results)
Reference speed (broken line) and actual speed (solid line)
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o
o
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O " " " " "

-2 0 2 4 6 8
time, s

measured speed,
rev/min

reference speed and

10 12 14 16 18

Fig. 11 Sensorless closed-loop test (low-speed) (experimental
results)
Reference speed (broken line) and actual speed (solid line)
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the motor speed. This small error is produced by the
unknown load torque that is not included in the observer
model. The observer converges to a small bounded error. If
this small error is unacceptable for the drive performance,
it can be eliminated by extending the observer as proposed
in [19].
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6 Conclusions

A sensorless speed-control strategy for permanent-magnet
AC motors with nonsinusoidal EMF waveform was
presented in this work. The proposed strategy uses a
nonlinear reduced-order observer and a high-gain observer
to estimate the induced EMF, measuring only the stator
currents and voltages. It also allows the reduction of the
ripple torque produced by nonsinusoidal EMF waveforms.

Simulation results demonstrate that it is feasible to apply
the proposed strategy to PMACMs with almost any EMF
waveforms. The proposed strategy was implemented with
an axial-flux PMACM whose EMF waveform is neither
sinusoidal nor trapezoidal. Experimental results demon-
strate a high performance of the observer and a good
closed-loop response of the complete sensorless control
strategy.
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9 Appendixes

9.1 Reduced-order high-gain observer

The reduced-order high-gain observer used to obtain the
time derivatives of ¢ can be constructed as follows [13].
Setting

X]Z(/) R
_dv _d¢ (1)
VT T a

where (}5 is known (sub-indexes corresponding to o—f
components have been suppressed for clarity), and defining

=9 ;
_dy  dd (22)
250 T a

it is desired to estimate x, without estimating x;. Then the
following observer is proposed:

diy 1 (dv di
R il 23
dt xm w) 23)

where ¢ is a small positive parameter. To avoid the
calculation of dx;/dt, a variable change is proposed:
. 1
X =% —-x (24)
&

Taking the time derivative of (24), and replacing from (23),
the reduced-order observer results in

dy 1 (. 1
s ‘;< gxl) (25)

1
Xy = X+EXI (26)

and
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Returning to the original variables, the reduced-order high-
gain observer results in

j’,fl(mi&) 27)

;
and

9 _ 514 (28)

1
o LT

9.2 Proposed observer algorithm

(a) nitial conditions: &(0), $,(0), $4(0), 7,(0), 7,4(0)
(b) Inputs: iy, ig, vy, Vg, Vo
(¢) Algorithm:
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