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Abstract—This paper proposes an implementation of a motion-
sensorless control system in wide speed range based on “active
flux” observer, and direct torque and flux control with space vec-
tor modulation (DTFC-SVM) for the interior permanent magnet
synchronous motor (IPMSM), without signal injection. The con-
cept of “active flux” (or “torque producing flux”) turns all the ro-
tor salient-pole ac machines into fully nonsalient-pole ones. A new
function for Lq inductance depending on torque is introduced to
model the magnetic saturation. Notable simplification in the rotor
position and speed estimation is obtained, because the active flux
position is identical with the rotor position. Extensive experimental
results are presented to verify the principles and to demonstrate
the effectiveness of the proposed sensorless control system. With
the active flux observer, the IPMSM drive system operates from
very low speed of 2 r/min at half full-load up to 1400 r/min. Higher
speed is possible, in principle, with flux weakening.

Index Terms—Flux observers, permanent magnet synchronous
motors, sensorless control, state estimation, torque control, vari-
able speed drives.

I. INTRODUCTION

IN THE last few years, various motion-sensorless control
algorithms based on signal-injection magnetic saliency, even

processing of certain pulsewidth modulation voltage sequences,
involving low, even zero, speed, have been proposed for interior
permanent magnet synchronous motors (IPMSMs) [1]–[17]. An
initial position estimation sequence is added [15]–[17].

For very low-speed (3–10 r/min) servo drives, the inherent
signal injection algorithms complexity is to be accepted. The
low-speed operation is quite critical by using electromotive force
(EMF) techniques for the rotor position estimation based on
fundamental model [18]–[23], without signal injection. At very
low speed, the stator voltage is very small, and thus, flux or rotor
position estimations become very difficult to obtain. Moreover,
at low speed, flux and position observers are very sensitive to
machine parameter variations, especially to the stator resistance
that varies with temperature [21].

However, the motion-sensorless control of ac drives based
on fundamental-model state observers is aiming at lower and
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lower speeds. At these low speeds (below 10 r/min, in general),
the voltage drop on the inverter power devices has to be taken
into consideration at low frequency (low-voltage amplitude) be-
cause it becomes comparable with the stator fundamental volt-
age itself, and thus, distortions and discontinuities in voltage
waveforms occur [14]. All very low-speed, flux and position
observers must be provided with a compensator of inverter non-
linearities and with techniques for online estimation of the stator
resistance [21].

A simplified rotor flux observer based on fundamental com-
bined voltage–current model with PM flux–amplitude correc-
tion loop and simple dc d-axis current injection is shown in [23]
to “survive” even at zero speed for surface PMSM drives.

A very recent fundamental model based on the “active flux”
theoretical concept (elimination of rotor saliency) is developed
in [22] for all ac machines, and proven by digital simulations
only for the IPMSM case. This concept is considered as an
extension (generalization) to all ac machines of the “extended
EMF” [19]–[21] and the “fictitious PM flux” [24] concepts. The
magnetic cross-coupling saturation effects are easier to account
because an equivalent rotor nonsalient-pole ac machine model
is introduced. The active flux position is identical to the rotor
position, fact that greatly simplifies the rotor position and speed
estimation at all speeds, in an effort to reduce online computation
effort.

The main claims of this paper lay into the active-flux-based
state observer implementation and DTFC-SVM sensorless con-
trol for IPMSM drives, with extensive experimental tests to
provide very low-speed operation without any signal injection.
A new function for the inductance Lq depending on torque is
introduced to model the magnetic saturation.

The proposed sensorless control system has been verified
experimentally, and has been proven to work from very low op-
erating speed (2 r/min) at half rated load, up to 1400 r/min, with
good estimation accuracy both in speed transients and steady
state. The proposed method is intended to general ac drives that
allow a little hesitation at start and do not require sustained
operation under 2 r/min.

II. ACTIVE FLUX CONCEPT

The “active flux” concept [22] turns all rotor salient-pole
ac machines into fictitious rotor nonsalient-pole machines such
that the rotor position and speed estimations become simpler.
For self-sufficiency, the active flux expression will be derived
here in short.

The active flux ψ
a
d is defined as the flux that multiplies the

iq current component in the dq-model torque (Te ) expression of
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all ac machines in rotor reference frame. For the IPMSM

Te = 1.5p1ψ
a
d iq (1)

with

ψa
d = ψPM + (Ld − Lq ) id , Ld < Lq (2)

where p1 is the number of pole pairs, Ld and Lq are the dq induc-
tances, ψPM is the PM flux linkage, and the d-axis corresponds
to the rotor pole (PM) axis.

ψ
a
d has the d-axis orientation (2). This means that the active

flux position is identical to the rotor position in any operation
mode, leading to a great simplification in rather accurate rotor
position and speed estimation whenever active flux estimation
is feasible.

ψ
a
d represents the total torque producing flux (1), including

the reluctance torque component (2). Thus, the IPMSM model
(3) in rotor reference frame (without superscript) “looses” the
magnetic anisotropy and manifests itself by the inductance Lq

V s = Rsis + (s + jωr )Lq is + (s + jωr )ψ
a
d (3)

ψ
a
d = ψs − Lq is (4)

where V s , is , and ψs are the stator voltage, current, and flux
vectors; Rs is the stator resistance; and ωr is the electrical rotor
speed. The derivation of (3) is straightforward (see Appendix).

The simplicity of (4) in any reference frame looks striking,
but it is just natural. Note that, if the stator flux ψs is estimated in
stator reference frame, then the active flux estimation is straight-
forward, with magnetic saturation influence present in Lq that
greatly simplifies its accountancy in the model.

The dq components of the model (3) become[
Vd

Vq

]
=

[
Rs + sLq −ωrLq

ωrLq Rs + sLq

] [
id

iq

]
+

[
sψa

d

ωrψ
a
d

]
. (5)

To explicit the concept quickly, the steady-state vector dia-
gram with ψ

a
d in foreground is drawn in Fig. 1.

The stator voltage model in stator coordinates is

V
s
s = Rsi

s
s +

dψ
s
s

dt
. (6)

The active flux observer ψ
as
d is derived from (4) and (6) in

stator coordinates

ψ
as
d =

∫
(V

s
s − Rsi

s
s + V comp)dt − Lq i

s
s (7)

where ψ
as
d axis falls along the rotor d-axis, and thus

ψ
as
d = ψa

d cos θψa
d

+ jψa
d sin θψa

d
. (8)

V comp is the total compensating vector in the integrator from
(7) for various errors in ψs estimation as: integrator dc-offset,
integrator initial condition, stator resistance, and inverter non-
linearities (power switch voltage drops, dead time).

The active flux observer (7) is practically the same in struc-
ture for all ac machines. It leads to the estimation of both ψa

d

amplitude and θψa
d

angle with respect to stator phase a. Note that
for PMSMs, θψa

d
= θer , i.e., electrical rotor position. To provide

Fig. 1. IPMSM and its vector diagram pointing out the active flux ψ
a
d .

Fig. 2. Proposed DTFC-SVM sensorless control system for IPMSM.

decoupled torque control, ψa
d may be kept rather constant up to

based speed.

III. DTFC-SVM SENSORLESS CONTROL SYSTEM

Fig. 2 illustrates the proposed DTFC-SVM sensorless control
system for IPMSM, which contains: the speed controller, the
DTFC-SVM control, the active-flux-based state observer with
rotor position and speed estimator, and the torque estimator. The
DTFC-SVM system uses the voltage model (6) in stator flux
reference, and ensures decoupled control of flux and torque,
and fast torque responses.

The DTFC scheme, shown in Fig. 3, involves two parallel
closed loops with PI controllers operating in stator flux reference
frame: the torque control loop with (T ∗

e , T̂e ) pair and the stator
flux magnitude control loop with (ψs , ψ̂s) pair.
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Fig. 3. DTFC structure in stator flux reference frame.

They provide the stator voltage reference in stationary refer-
ence frame (V

s∗
s ) by using the estimated stator flux angle (θ̂ψs)

in the rotator operator.
DTFC method has been proven more robust in sensorless

control since it does not use Park operator, typical in vector
control; thus, the estimated position error is not important [25].

The voltage-source inverter (VSI) switching signals (Sa, Sb ,
and Sc ) are generated by the space vector modulation (SVM)
block, which employs the dead time and inverter nonlineari-
ties compensations [14] to realize a suitable stator voltage vec-
tor reference. This way, the torque and current pulsations are
significantly reduced. This compensation is indispensable for
accurate active flux estimation, especially at very low speed.

For IPMSM with the data given in Table I (see Appendix),
using trial and error procedure, the proportional and integral
gains for the PI controller on the d-axis are kpF = 10 and kiF =
10 s−1 , and for the PI controller on the q-axis are kpT = 3 and
kiT = 30 s−1 . The PI controllers have the form: kp(1 + ki/s).

The speed controller is also of PI type with antiwindup and
torque limiter, and with a first-order low-pass filter on speed
reference ω∗

r . The PI gains are kpw = 0.1 and kiw = 10 s−1 .

IV. STATE OBSERVERS

A. Active Flux Observer

The main purpose of the active flux observer is to estimate
the active flux vector using the measured stator current and the
estimated stator voltage. The stator voltage is estimated from
the measured dc voltage Vdc and the inverter switching states.

The active flux observer implementation scheme is shown

in Fig. 4, and consists of a stator flux observer ψ̂
s

s in large
speed range based on the combined voltage–current model, from
which the term Lq i

s
s is subtracted (7).

The stator flux observer combines advantages of the current-
model estimator in rotor reference at low speed, with the voltage-
model estimator in stator reference at medium–high speed, em-
ploying a PI compensator that decides the flux estimation dy-
namic behavior in frequency domain [13].

At very low speed, including zero speed (ωe → 0), the PI
compensator gain, characterized in frequency domain by kpc −
jkic/ωe , has very high value. Thus, the stator flux estimation ψ̂

s

s

Fig. 4. Active flux observer with Lq (T̂e ) (9).

follows the stator flux reference given by the open-loop current

model ψ̂
s

si to reduce the flux error.
At medium–high speed, the PI compensator gain practically

remains only with the proportional component (low kpc), and
now, the correction loop could be considered an open one. Thus,

the stator flux estimation ψ̂
s

s is given only by the voltage model.
The dc-offset (ωe = 0) from the measured current and voltage
chains is totally compensated.

In conclusion, the frequency behavior of the PI compen-
sator provides for the stator flux estimation a smooth tran-
sition, depending on speed, between the open-loop current
model—sensitive to magnetic parameter variations (ψPM , Ld ,
and Lq ), and the closed-loop voltage model—with mildly Rs

influence.
The PI compensator gains are tuned by pole allocation method

choosing double pole at 2 rad/s, resulting kpc = 4 and kic = 4.
Rs = 4 Ω is set for hot-temperature value.

Finally, the magnetic saturation with mild cross-coupling
effect for IPMSM is considered by the new function
Lq (T̂e)

Lq = Lqn/(1 + kT |T̂e |/Ten ) (9)

where Lqn is the Lq nominal value, kT is a torque coefficient
(for our case, kT = 0.2), T̂e is the estimated torque, and Ten is
the rated torque value.

The current model in the stator flux observer (Fig. 4) employs
the same Lq (T̂e) function (9). The Ld inductance is constant (the
permanent magnets are in the d-axis), and the cross-coupling
effect is rather small as the currents do not exceed 150% rated
value to limit the inverter ratings and costs, as usual in industrial
drives. Fig. 5 illustrates by digital simulations the influence of
the magnetic saturation of Lq (9) in the active flux observer, for
full step load response at 2 r/min with and without considering
the saturation. In simulation, the machine model always includes
the magnetic saturation according to (9).

It is evident that the estimated speed from the active flux
observer with considered saturation is much closer to the actual
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Fig. 5. Influence of Lq magnetic saturation in the active flux observer for
sensorless operation at lowest speed of 2 r/min (0.1 Hz) and step of 100%
rated torque. (a) Actual speed, estimated speed with saturation, and estimated
speed without saturation. (b) Actual rotor position, estimated rotor position with
saturation, and estimated rotor position without saturation—simulation results.

Fig. 6. Position–speed estimator and torque estimator.

speed; also, the estimated rotor position is much closer to the
actual rotor position.

B. Position–Speed Estimator and Torque Estimator

The rotor position–speed estimator and torque estimator im-
plementation is illustrated in Fig. 6. As the active flux vector
falls along the rotor d-axis, its speed is identical to the rotor
speed, which greatly simplifies the speed estimation.

To extract the rotor position and speed from the active flux
vector, a solution is to use a phase-locked loop (PLL) state
observer. Another solution applied here is to employ derivative
estimator based on (10)–(12)

ω̂ψ a
d

=
dθ̂ψa

d

dt
(10)

θ̂ψ a
d

= a tan

(
ψ̂a

dβ

ψ̂a
dα

)
(11)

ω̂ψ a
d

=
ψ̂a

dαk−1 ψ̂
a
dβk − ψ̂a

dβk−1ψ̂
a
dαk

h(ψ̂a2
dαk + ψ̂a2

dβk )
(12)

where h is the sampling time and the index k-1 in (12) denotes
variables delayed with one sampling period.

Fig. 7. Experimental setup of the proposed sensorless DTFC-SVM system.

A low-pass filter (LPF) (13) is applied to the estimated speed
to reduce noise, where kpF = 1 and TiF = 0.003 s

HLP F =
kpF

(TiF s + 1)
. (13)

If the active flux vector is correctly estimated, the electro-
magnetic torque T̂e is simply computed based on (1).

From the active flux observer, the rotor position estimation is
used in rotator operators in Fig. 4, and the rotor speed estimation
is used for the speed control loop.

None of them are used in DTFC-SVM (Fig. 3), this fact being
an inherent advantage of DTFC motion-sensorless control.

V. EXPERIMENTAL PLATFORM AND TEST RESULTS

The proposed sensorless direct torque and flux control
(DTFC-SVM) is validated on the experimental prototype with
the data presented in Table I (see Appendix).

Fig. 7 illustrates a three-phase 2.2-kW IPMSM directly cou-
pled to the load machine (Siemens PMSM), which is speed-
controlled by a frequency inverter (Siemens Simovert Master-
drive). A three-phase IGBT inverter, supplied at a dc-link volt-
age of 540 V, feeds the IPMSM. The sampling frequency and
PWM frequency are set to 10 kHz. The inverter dead time is
set to 2 µs. Phase currents are measured using magnetic current
transducers. The actual rotor position and speed are provided by
an incremental encoder with 2048 pulses per revolution, only
for comparison.

All the experimental tests have been carried out with a limited
value (50%) of the rated motor torque because we did not have
a stable loading machine at very low speed for more than 50%
rated torque.

The design and simulation of the sensorless control system
is realized in MATLAB/Simulink, and is implemented on a
DSpace PPC 1103 real-time controller board.

Experimentally, it is observed that the control is sensitive to
dead time compensation (the stator voltage applied to machine
is lower than the stator voltage reference because of dead time
losses), and to the stator resistance, especially at low speeds.
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Fig. 8. Steady-state sensorless operation at lowest speed of 2 r/min (0.1 Hz)
and 50% rated torque. (a) Actual speed. (b) Estimated speed. (c) Measured
currents. (d) Estimated torque. (e) Active flux. (f) Rotor position (actual and
estimated). (g) Error between estimated and actual rotor position.

Fig. 9. Transients from 5 (0.25 Hz) to 2 r/min (0.1 Hz) at 50% rated torque.
(a) Actual speed. (b) Estimated speed. (c) Estimated torque.

The start-up procedure is mandatory, and it aligns the rotor at
zero by triggering a proper set of voltage vectors (V 1(1, 0, 0)).

The following experimental tests are performed to check the
concepts and performance of the proposed motion-sensorless
control system:

1) steady-state operation at lowest speed (2 r/min) and 50%
rated torque (Fig. 8);

2) step speed reduction from 5 to 2 r/min at 50% rated torque
(Fig. 9);

3) ±10 r/min speed reversal at 50% rated torque (Fig. 10);
4) step torque response at 20 r/min (Fig. 11);
5) start-up response from zero to 1400 r/min, followed by

±1400 r/min speed reversal, plus 50% step torque loading
response (Figs. 12 and 13).

The experimental results for sensorless operation at the lowest
speed limit of 2 r/min and 50% rated torque are acceptable (see
Fig. 8), taking into account that the novel concept of active flux
is applied, and not signal injection methods. Even with partial
compensation of the VSI nonlinearities, the currents and the
torque are not quite smooth, and the measured speed has some
pulsations but in acceptable limits for general variable-speed
drive applications. These speed pulsations could be due to the
cogging torque, partial-compensated inverter nonlinearities, and
other nonmodeled disturbances.

To check the dynamics at very low speeds, operation from 5
to 2 r/min, is tested with good results (Fig. 9).

Fig. 10 shows the results obtained from a speed reversal op-
eration at ±10 r/min and 50% of rated torque. Here, the currents
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Fig. 10. Speed reversal at ±10 r/min (0.5 Hz) and 50% rated torque.
(a) Actual speed. (b) Estimated speed. (c) Measured currents. (d) Estimated
torque. (e) Active flux. (f) Rotor position (actual and estimated). (g) Error be-
tween estimated and actual rotor position.

Fig. 11. Torque transients at 20 r/min (1 Hz) and 50% rated torque. (a) Actual
speed. (b) Estimated speed. (c) Measured currents. (d) Estimated torque. (e) Ac-
tive flux. (f) Rotor position (actual and estimated). (g) Error between estimated
and angle rotor position.
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Fig. 12. Start-up response from 0 to −1400 r/min (70 Hz), speed reversal at
∓1400 r/min and torque transients at 1400 r/min at 50% rated torque. (a) Actual
speed. (b) Error between estimated and actual speed. (c) Measured currents.
(d) Estimated torque. (e) Active flux. (f) Error between estimated and actual
rotor position.

are smooth, the torque shows some pulsations, but they are again
reasonable.

Torque transients at 20 r/min for step-loading from 0% to 50%
rated torque, with an acceptable overshooting are presented in
Fig. 11.

Fig. 13. Start-up response from 0 to −1400 r/min (70 Hz), speed reversal at
∓1400 r/min and torque transients at 1400 r/min at 50% of nominal torque.
Zoom for actual rotor position at (a) start-up, (b) speed reversal, (c) step torque
load.

The rotor position errors in Figs. 8, 10, and 11 are visible, but
limited to reasonable values. Note that if the rotor position error
is constant, then the speed estimation will be correct.

In all tests, during torque transients, the stator flux is kept
constant (Fig. 3), while the active flux could vary.

Since in DTFC, the rotor position estimation enters only in
the stator flux current model, which is important only at low
speeds, the position error at medium and high speeds is not
important at all.

The speed estimation error really counts because a speed
feedback is used for speed loop control. The speed estimation
errors are up to 30 r/min during speed transients, but they go
down to less than 2–5 r/min during steady state.

Start-up response from 0 to −1400 r/min, speed reversal at
∓1400 r/min, and torque transients at 1400 r/min at 50% rated
torque are all shown in Figs. 12 and 13 with good expected
dynamics at high speeds.

VI. CONCLUSION

A novel-state observer for flux, rotor position, and speed in
wide speed range (2–1400 r/min) is developed and implemented
based on the active flux concept particularized for IPMSM drive.
No signal injection is involved. The magnetic saturation is mod-
eled by a new function for Lq inductance depending on torque.
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TABLE I
IPMSM SPECIFICATIONS

A motion-sensorless control system for IPMSM drive with
DTFC-SVM using the proposed observer is investigated by ex-
tensive significant experimental tests with good results.

Through experimental tests, sustained sensorless operation at
low speed down to 2 r/min is obtained, with stable operation to
50% rated load torque. The rotor position errors are visible, but
limited. They occur, however, only in the active flux observer at
very low speeds because DTFC is performed.

Flux weakening for torque–speed envelope strong extension
may be performed as usual with IPMSM.

The proposed solution is a general approach that can be used
in motion-sensorless control of universal ac drives.

APPENDIX

Let us start with the dq-model of IPMSM in rotor reference
frame, where we add and subtract new terms (the last parenthe-
sis) in both equations

Vd = Rsid + sLdid − ωrLq iq + (sLq id − sLq id) (A1)

Vq = Rsiq + sLq iq + ωr (ψPM + Ldid)

+ (ωrLq id − ωrLq id). (A2)

Adding the two equations to prepare them for space phasor
form

Vd + jVq = Rs(id + jiq ) + sLq (id + jiq ) + jωrLq (id + jiq )

+ s(ψPM + (Ld − Lq )id)

+ jωr (ψPM + (Ld − Lq )id) (A3)

with ψa
d = ψPM + (Ld − Lq )id , finally leads to

V s = Rsis + (s + jωr )Lq is + (s + jωr )ψa
d . (A4)

Evidencing distinctly the transformer and motion-induced
voltages by Lq in the dq-model (A4) is a definitive sign that
the active flux IPMSM machine is now a pure nonsalient-pole
rotor model, both for steady state and transients.
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