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Abstract—A new sensorless scheme for high-performance speed
control of permanent-magnet ac motors (PMACMs) driving an
unknown load is proposed. This scheme uses an extended nonlin-
ear reduced-order observer to estimate the induced electromotive
force (EMF) and load torque. From the estimated variables, the
rotor position, the rotor speed, and the position derivative of flux
are calculated and are used to close the control loop. In order
to improve the drive performance, the estimated load torque is
incorporated as a feedforward signal in the closed control loop.
In addition, the proposed sensorless PMACM drive allows the
torque-ripple and copper-loss minimization for motors with an
arbitrary EMF waveform. Simulation and experimental results to
validate the proposal are presented in this paper.

Index Terms—Nonlinear estimation, nonsinusoidal electro-
motive-force (EMF) waveform, permanent-magnet motors,
unknown load torque estimation.

I. INTRODUCTION

ERMANENT-MAGNET ac motor (PMACM) drives are

widely used in high-performance applications. These
machines are preferred because of the absence of rotor wind-
ings and brushes, the high efficiency, and the power den-
sity. Several techniques, such as vector control, feedback
linearization, and other nonlinear methods have been proposed
to obtain an accurate speed and torque control. However, an
important requirement of high-performance applications is the
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drive robustness against disturbance torques like load changes
or mechanical parameter variations. This leads to the neces-
sity of a compensation for the disturbance torque. Unfortu-
nately, the disturbance torque cannot be easily measured or
predicted [1]-[4].

Different proposals use extended-state full-order observers
[3] or disturbance observers [4] to estimate the disturbance
torque and implement a nonlinear speed control through feed-
back linearization. However, to implement these techniques, a
mechanical sensor is needed. This sensor increases costs and
reduces the drive reliability. This has led to the research and
development of some methods of PMACM control avoiding
those sensors [5]. Other techniques have been proposed for
different machines [2], [6], [7].

Another important requirement for high-performance appli-
cations is a ripple-free torque control. Several techniques have
been proposed for minimizing torque pulsations produced by
nonsinusoidal electromotive-force (EMF) waveforms [8]. The
most common techniques are based on the active control of the
excitation currents for obtaining current waveforms synchro-
nized with the rotor position. In this way, it is possible to cancel
the harmonic torque components. In order to implement the
torque-ripple-minimization strategies without the use of a po-
sition sensor, an observer that takes into account nonsinusoidal
EMF waveforms is needed.

In this paper, a new sensorless strategy for speed control
of PMACMs is proposed. Assuming that an unknown load is
driven by the machine, an extended nonlinear reduced-order
observer is used to estimate the induced EMF and load torque.
From the estimated variables, the rotor position, the rotor speed,
and the position derivative of flux are calculated and are used to
close the control loop.

In order to improve the drive performance, the estimated
load torque is incorporated as a feedforward signal in the speed
control loop. In addition, since the proposed observer includes
information about the machine’s EMF waveform, it allows the
torque-ripple and copper-loss minimization, for motors with
any EMF waveform. In this way, a high-performance sensorless
PMACM drive is obtained.

This paper is organized as follows. The PMACM general
model is presented first. Then, the proposed observer is de-
veloped; after that, the observer is used in a sensorless speed
control strategy, with feedforward torque compensation,
to implement a complete PMACM drive. Simulation and
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experimental results of the whole system are included. Finally,
conclusions are drawn.

II. PMACM MODEL

In order to develop the proposed observer, the dynamic
model of a PMACM can be written in a stationary reference
frame o [9]

dia _ R, .

T A A

di R 1 1

R AR A A 1)
“_,

dt

dw 1 1

aije_jTL 2)

where i,, i3, €q, €8, Vo, and vg represent the current, the
induced-EMF, and the excitation-voltage components, respec-
tively; R and L are the stator resistance and inductance, respec-
tively; 0, w, and T, represent the rotor position and speed and
the electromagnetic torque produced by the machine; J and 77,
are the inertia and the load torque, respectively. Viscosity B is
considered as part of the unknown load torque.
The EMF induced into the stator windings is given by

Oy dB
=5 a ~ £l
Mg do
=30 at pp(0)w (3)

where A\, and Ag are the linked flux components and ¢, and
g are the components of the flux derivative with respect to the
rotor position.

In a sinusoidal PMACM, ¢, and ¢z are sinusoidal functions
of the position; whereas, in trapezoidal PMACMs, they are
trapezoidal. However, in many PMACMs, these functions are
neither sinusoidal nor trapezoidal. For this reason, ¢, and
@pp are functions to be determined according to the motor
type. These functions can be previously determined in an
experimental way by measuring the instantaneous voltage, the
rotor position, and the speed under no-load condition or by
means of a self-commissioning scheme, as proposed in [10].
To include these waveforms in the PMACM model, a Fourier-
series approximation is used in this paper. In this way, the EMF
estimation is enhanced.

Employing a more accurate model for the EMF waveforms,
it is possible to improve the observer-based controller perfor-
mance. The a3 components of the position derivative of flux
can be represented using Fourier series as follows [11]:

Pall) = > ~®, 1ysin((2n — 1)0)
n=1
vp(0) = Z P (25,1 cos ((2n — 1)0) 4)

where ®(5,,_1) is the magnitude of the (2n — 1) harmonic.

The electromagnetic torque in the last equation of (2) can be
represented by [9]

Te = ¢a(0)ia + p(0)is. ®)

Thus, it is evident that the excitation current waveforms greatly
depend on the functions ¢, and ¢g in order to obtain a smooth
controlled torque.

The model presented in this section is not limited to sinu-
soidal or trapezoidal PMACMs as previous proposals do. Based
on this model, an extended nonlinear reduced-order observer to
estimate the induced EMF, the rotor position, the rotor speed,
and the load torque for arbitrary-EMF-waveform PMACMs is
introduced in the next section.

III. EXTENDED NONLINEAR REDUCED-ORDER OBSERVER

In order to obtain rotor position, the rotor speed, and an
unknown load torque, an extended nonlinear reduced-order
observer is proposed. This observer estimates the induced EMF
and load torque. Then, the estimated EMF is used for recon-
structing the rotor speed, the rotor position, and the position
derivative of flux. The observer is designed as follows. The time
derivative of EMF can be calculated from (3)

dea _dfa o, 4w
ddt _ddtw %gt
es  dpp w
deg _ dog aw 6
at  a YTy ©)

where the speed time derivative can be replaced from (2) and
(5), obtaining
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Since the load is unknown, a slowly variant load torque,
slower than the system dynamics, is assumed. This assumption
covers the majority of the application cases. Then, a new state
is included to estimate the unknown load torque, as follows:

dTy,
— = 0. 8
7 (®)
In such a case, the following extended reduced-order observer

is proposed:
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where T is the estimated value of x, ¢ is a constant gain, and
l, is the adaptation law to be determined to obtain the desired
convergence of the estimated load torque (see the Appendix) as

DL (dia dia\ . [(dis dig
= Jl%‘ <dt dt>“"ﬁ<dt dtﬂ 1o

where I is a constant gain.

In this reduced-order observer, the time derivatives of stator
currents are used as correction terms. The estimated current
derivatives, necessary for obtaining the correction term, can be
calculated with (1) as

dia _ R, 1. 1

FTA A A A

dip R 1.1

Y P R 11
dt Lo et s (In

The estimate of the machine’s speed can be found by taking
into account (3), thus

el +ep =w’ (92 +¢3) (12)
and
__|@+e 13
W = -
P+ 55

As can be seen, it is not possible to determine the sign of
the estimated speed from the last equation. However, it can
be modified by obtaining the estimated speed sign from an
approximation of the time derivative of the estimated position
(see [11]). Then, the estimated speed is calculated as

22 4 82
eg teg

] 1

where 0 is given in (18).

The calculation of the time derivative of the measured cur-
rent, used in the correction terms (9) and (10), may end up
in a noisy estimation. To avoid this, the following change of
variables is proposed:

Coz :é\a + gLZ(x
Cg :gg + gLig

~ 'L, . .
=T — 7(@aza+<pﬁzg). (15)

The dynamic equations to be implemented are obtained by
differentiating (15) with respect to time and substituting from
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(9), (10), and (13). These equations become
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and the estimated EMF and load torque can be obtained from
(15) as

é\a = C(x - gLZa

e =Cp — gLig
~ r, . . .
T, =7+ 7 (‘P(ﬂa + ‘Pﬁlﬂ)- (17)

The proposed extended observer can be applied to any
PMACM, independently of its EMF waveform. The only re-
quirement for its implementation is to know the waveforms
of the flux derivative with respect to the rotor position. These
functions are incorporated in the observer by evaluating (4) in
the estimated rotor position. Taking into account that the EMF
waveform has several harmonic components, the estimated
position can be calculated from the EMF fundamental, using

0 = tan ! <_€a1>
o

where e, and eg; are the induced-EMF-waveform funda-
mental components, which can be obtained by eliminating the
harmonic components, as proposed in [12]. These harmonic
components can be calculated at sample (k) from the Fourier-
series approximation (4), evaluated in an approximation of the
current position Q(k). In order to do that, a constant speed
between two consecutive samples is considered, then

(18)

o0
Cah(k) =W(k-1) Z —®(2,-1) sin ((2" - 1)9(13))

n=2

Eon(e) =F(k-1) Y P2n-1) COS ((Qn - 1)§(k)) (19)
n=2

where €,,(r) and €gy, (1) are the harmonic components of the
estimated EMF (note that the sum is taken from n = 2).

The approximation of the current position is obtained con-
sidering the speed as

~ 9(k) - 9(1@71)
=t 20
w T, (20)
in a sample time T, thus
a(k) == é\(k,—l) + wA(k_l) 1 S (21)
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Then, the induced-EMF fundamental components can be
calculated subtracting the harmonic components (19) from the
EMF estimated by the observer as

€al = €a — €ah(k)

€51 =85 — Canr) (22)

and the new estimated position is calculated from (18). Then,

according to (4), the estimated position derivative of flux is
calculated as

Ba(0) = ~@(n 1ysin (20— 1)0)
n=1

B(8) = > @ a1y cos (20— 1)7) (23)

n=1

and their estimated time derivatives can be calculated as

dgb\a ~ - o
- :wngzl —(2n — 1)®(2,,_1) cos ((271 — 1)9)
dPs -~ . ~
o v E —(2n — 1)®(2,1) sin ((Qn - 1)9) (24)

3
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-

which completes the proposed observer for PMACMs with
arbitrary EMF waveforms.

It must be noted that nonlinear reduced-order observers in
combination with load torque estimators cannot be found in
literature, to the best knowledge of the authors. Also, it must
be remarked that there exist two main advantages obtained
with the use of this kind of observer. One advantage is the im-
provement of the observer transient performance in comparison
with a nonlinear full-order observer. The other advantage is the
diminished steady-state EMF estimation error resulting from
the use of the unknown load torque estimator. Consequently,
since both transient and steady-state observer performances are

improved, the mechanical sensorless speed control is improved
as well.

Scheme of the proposed sensorless speed control drive with feedforward load torque compensation.

IV. SENSORLESS SPEED CONTROL WITH FEEDFORWARD
TORQUE COMPENSATION

Fig. 1 shows the proposed mechanical sensorless PMACM
drive with feedforward load torque compensation. This scheme
is composed of an internal torque control loop and an external
speed control loop. In order to compensate for the disturbance
torque, the estimated load torque is added to the torque refer-
ence as a feedforward compensation in the speed control loop.

The technique for motor torque control proposed in [13]
is used in this paper. According to Leidhold et al. [13], the
current references needed for torque control can be obtained by
applying the theory of the instantaneous reactive power [14].
Therefore, the current references can be expressed as follows:

(7 +7.) 2
A2 A2
Pao + (10[-}

e
1o =

(Te* + TL) s

7 25
P2+ @3 )

i =
where the estimated variables obtained from the observer are
used to close the control loops.

The proposed strategy was implemented to control the speed
of an experimental prototype of axial-flux PMACM, available
at the Grupo de Electrénica Aplicada, Universidad Nacional de
Rio Cuarto (GEA-UNRC) Laboratory. The motor parameters
are as follows:

three-phase axial-flux permanent-magnet motor, 16 poles,
4000 r/min, 30 kW;

R =10mQ;
L = 100 uH;
J =0.78 kg - m?;

B =0.0015 kg - m?/s;
®; = 0.5021 and &5 = ®;/25 (harmonics of the Fourier-
series approximation).
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Fig. 2. Estimation error without load torque compensation. (a) Applied load
torque 77,. (b) Speed estimation error €,. (¢) Norm of the EMF estimation
error ||ge||.

Observer gains were set at g = 400 and I' = 10000. Simu-
lations and experimental results were obtained to validate the
proposal.

A. Simulation Results

Since the motor EMF cannot be measured, numerical sim-
ulations were performed in order to show the improvement in
the EMF estimation convergence when the proposed strategy
is used, when compared with an observer without load torque
compensation [11].

Results obtained from the observer without compensation are
shown in Fig. 2, while Fig. 3 shows the results of the observer
employing the proposed load torque compensation. For both
figures, the PMACM is driven unloaded at 250 r/min, when the
load torque shown in Fig. 2(a) is applied.

Fig. 2(b) shows the speed estimation error (g, = w — &),
when the cited load is applied. As can be seen, the speed
estimation error remains at a constant nonzero value when the
load torque is not compensated. The same occurs with the norm
of the EMF estimation error [Fig. 2(c)].

Fig. 3(a) shows the estimated load torque, using the proposed
adaptation law. In Fig. 3(b) and (c), the speed estimation error
and the norm of the EMF estimation error are shown. As can
be seen, the estimation errors approach zero immediately when
the proposed compensation is used. As a conclusion, the load
torque estimation improves the observer convergence.

Since viscosity was taken as a part of the unknown load
torque, this perturbation is also estimated by the proposed
observer, as shown in Fig. 4. Fig. 4(a) shows the machine speed,
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Fig. 3. Estimation error with load torque compensation. (a) Estimated load

torque T7,. (b) Speed estimation error €,,. (¢) Norm of the EMF estimation
error ||ee||.
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Fig. 4. Estimation of viscosity Bw. (a) Unloaded machine speed w. (b) Bw
disturbance (dashed line) and estimated load torque 77, (solid line).

when it is driven unloaded from rest. The estimation of Bw is
shown in Fig. 4(b); the actual one is shown by a dashed line and
the estimated one is shown by a solid line.

Simulations of the complete system were performed in order
to evaluate its performance. The simulated operation condition
corresponds to the machine driven at 300-r/min constant speed,
when a 5-N-m load torque is applied. A great improvement
in the system response can be observed when using the load
torque compensation. This can be seen in Fig. 5, where the
speed tracking error (difference between reference speed and
actual speed, ¢,) is shown, without load torque compensation
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[Fig. 5(a)] and with load torque compensation [Fig. 5(b)]. Thus,
the proposed load torque estimation improves the observer
convergence and allows the implementation of a feedforward
torque compensation.

B. Experimental Results

Experimental results evaluating the proposed sensorless
drive performance are presented here. Since low speed is the
more critical situation for sensorless drives, all the tests pre-
sented in this section use speeds below 0.1 per unit (p.u.).
The axial-flux PMACM is driven by a pulsewidth-modulated
inverter with a fast current control loop, available at the
GEA-UNRC Laboratory. The observer and the control al-
gorithm were implemented on a PC with a QNX real-time
platform, programmed in C++ language. Differential equations
were discretized using the second-order Runge—Kutta method
with a sampling period equal to 180 us. Motor voltages and
currents were measured using standard Hall effect sensors and
acquired by means of 12-bit A/D converters. The actual motor
speed was measured with the only purpose of showing the
estimation errors. The estimated variables are always used in
the control loops.

Fig. 6 shows the approximation of the position derivative
of the flux. Fig. 6(b) presents the Fourier-series approximation
of the position derivative of flux in o3 coordinates, when the
motor runs at a low speed of 300 r/min (0.075 p.u.). The
waveforms shown here approximate very well the actual ones
presented in Fig. 6(a), which were previously obtained and
stored in a lookup table.

The position estimation at low speed is shown in Fig. 7. In
Fig. 7(a), the actual rotor position at 100 r/min (0.025 p.u.) is
shown. The estimated position is shown in Fig. 7(b), while the
estimation position error (9 = 6 — 0) is presented in Fig. 7(c).

Fig. 8 shows the system response when the machine is driven
at a 300-r/min constant speed and a 5-N-m load torque is
applied. Fig. 8(a) shows the speed tracking error €}, without
load torque compensation. Fig. 8(b) shows the speed tracking
error when the proposed load torque compensation is used. As
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(b) Estimated 6. (c) Estimation position error €.

Rotor position (in electrical radians) at low speed. (a) Measured 6.

can be seen, an improvement of almost 75% is obtained in the
transient performance and also in the steady-state error. The
estimated load torque can be seen in Fig. 8(c).

Fig. 9 shows the performance of the proposed sensorless
control strategy under a regenerative load. Fig. 9(a) shows
the speed tracking error, while the estimated load torque is
presented in Fig. 9(b) when a —7-N-m load torque is applied.
It can be seen that the estimated load torque is noisy in the
regenerative region due to the influence of the chopped current
of the braking unit.

A speed reversal test is presented in Fig. 10. The motor speed,
when its reference is changed from 400 to —400 r/min, is shown
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Fig. 9. Experimental results. Regenerative load. (a) Speed tracking error €,
and (b) estimated load torque 77,.

in this figure. It must be noted that the proposed observer cannot
be used at very low or zero speed, just like other proposals based
on the estimation of the induced EMF. However, a slight change
is included in the algorithm to ensure its proper operation
during speed reversal. This change consists of an open loop
procedure, which allows the motor to reach the zero speed and
start in the opposite direction [15]. If a sustained low-speed
or standstill operation is needed, then the proposed observer
should be combined with some signal injection techniques, as
proposed in [16].
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Finally, the estimation of perturbation Bw is shown in
Fig. 11. Fig. 11(a) shows the machine’s speed, when it is driven
unloaded from 100 to 300 r/min. The estimation of Bw is shown
in Fig. 11(b).

V. CONCLUSION

In this paper, a sensorless speed control strategy for high-
performance PMACM drives with arbitrary EMF waveforms,
using an extended nonlinear reduced-order observer, has been
proposed. In order to improve the PMACM drive performance,
the unknown disturbance torque is estimated by means of an
adaptive law and is incorporated as a feedforward signal into
the control loop.

A nonlinear reduced-order observer in combination with
a load torque estimator presents two main advantages. One
advantage is the improvement of the observer transient per-
formance in comparison with a nonlinear full-order observer.
The other advantage is the decrease in the steady-state EMF
estimation error due to the use of the unknown load torque
estimator.

The proposed observer includes information about the wave-
form of the induced EMF, which can be neither sinusoidal nor
trapezoidal. Therefore, the proposed PMACM control scheme
yields to a sensorless motor drive with minimum torque ripple
and copper losses. Simulation and experimental results demon-
strate the better performance of the proposed strategy over a
conventional one, when an unknown load is applied.
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APPENDIX
ADAPTATION LAW FOR LOAD TORQUE ESTIMATION AND
WHOLE SYSTEM STABILITY

The adaptation law (10) can be designed as follows. The
estimation errors are defined as

ce = M = [6“ B i“} (26)
€p €3 —¢p
er, =Tp — Ty 27)
Then, the estimation-error dynamics will be given by
de, ~ 1 S
—(p—p)— = (T — 5T ) ~ge.
dt (p—") J<90 L—plL g€e
dETL
=—1, 28
7 (28)
where
Pa ~ Da
S
L] ¥B
and
dpo [ €ates | 1 (Paie + 0ig)
dt \| p2+¢3 JPa\Pala T PpLB
p =

d e2 +e? . .
i ares T 5 08(Paia + Ppis)

Note that p is a function of the induced EMF, the stator
currents, and the function ¢ and its derivative. Taking into
account (23) and (24), ¢ is also a function of the EMF through
the rotor position given in (18). The estimation errorin p (Ap =
p—p) and ¢ (Ap = ¢ — ©) is determined by the estimation
error in the induced EMF (g.). Then, if the estimated EMF
tends to the actual value, the estimates in p and  does the same.
Thus, it is possible to find a linear bound to their estimation
errors given by

[Ap] < Lpllecll

[Apll < Lyl 29)
where L, and L, are Ap and Ay Lipschitz constants, respec-
tively. These constants can be calculated using, for example, the
mean value theorem for multivariable functions or other real
analysis tools. The reader interested in this subject is referred
to [17].

To design the nonlinear expression [,, the following
Lyapunov candidate function is proposed:

V=clPe.+T7'c, (30)
where P is a positive-definite matrix. Thus
av T r 1 T
— == P - = P
7 2g9e.,Pe. +2 (Ap JTLALP Ee
2 -
—jeTchTPsc — 2l ter 1, (31)

The adaptation law () can be chosen in such a way to cancel
the last two terms in (31)

2
——e7, oTPe, — 2F*15TLla =0.

7 (32)

Then,

|
~ 3T Pe,.

7 (33)

lo=—

Therefore, the time derivative of the Lyapunov candidate func-
tion is rewritten as

dv 1
T —29eTPe, +2 (ApT — JTLA¢T> Pe.. (34)

Since Ap and Ay are bounded by the Lipschitz constants
indicated in (29) and the unknown load torque is assumed
bounded (|| 77| < +4*), then a bound to the time derivative of
the Lyapunov function is given by

dv
— < 22025 lleel® + (2L, + 29Lo) A llec

7 (35)

where v =~*/J, and AF, and \F__ are the minimum and
maximum eigenvalues of the P matrix, respectively. Then, g
must be chosen for guaranteeing a negative value of the right-
hand side in (35), more details can be found in [5] and the
references therein. As a consequence, the following inequality

must be satisfied:

(36)

AP
s> (L, 4L, ().

min

As previously mentioned, the observer can be designed for
guaranteeing that the estimation error converges to zero. Then,
the estimated values are to be used in a control law. It must
be noted that a stable whole system can be obtained when
controller parameters set are adequately chosen. A procedure
for calculating the controller parameters when a nonlinear
controller, a nonlinear observer, and a nonlinear plant are
interconnected can be found in [18].
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