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Damping of Torsional Drive-Train Oscillations
using a Position Sensorless PMSynRel Drive

Shuang Zhao,Student Member, IEEE, Oskar Wallmark,Member, IEEE, and Mats Leksell,Member, IEEE

Abstract—Due to their high torque density and the potential
to operate without using a mechanical rotor position sensor,
permanent-magnet-assisted synchronous reluctance (PMSynRel)
machines are well suited for propulsion in hybrid-electric vehicles
(HEVs) and pure electric vehicles (EVs). In this paper, a
methodology for tuning a controller for damping torsional drive-
train oscillations in an EV/HEV are presented for the case when
the rotor position is not measured but rather estimated, com-
monly referred to as position sensorless control. Specifically, the
drive-train oscillations, approximated using a three-mass model
representation, and the control tuning process evaluated in an off-
vehicle environment are described. The proposed methodology
can be used to determine how well a certain electric drive (electric
machine and corresponding power electronic converter) is suited
for position sensorless control when used in a specified drive-
train.

Index Terms—Carrier-signal injection, drive-train oscillations,
permanent magnet-assisted synchronous reluctance machines,
position estimation, position sensorless control.

I. I NTRODUCTION

PERMANENT-MAGNET assisted synchronous reluctance
(PMSynRel) machines are attractive in automotive trac-

tion applications due to their high torque density which can
be realized with relatively little amount of expensive rare-earth
permanent material [1]–[3].

By exploiting the inherent magnetic saliency, PMSynRel
machines can operate without the need of a position sensor,
commonly referred to as position sensorless control, at all
speeds, including standstill. In the low-speed region, carrier-
signal injection methods are used for rotor position estimation
[4]–[7]. These methods (and more recent variants thereof)
rely on tracking a rotor position-dependent magnetic saliency
which, unfortunately, can be significantly affected by magnetic
saturation arising during loaded conditions [8]–[11]. A number
of approaches have been developed to mitigate this problem,
thereby realizing improved position sensorless performance in
the low-speed region [12]–[15]. However, since the carrier-
signal is generated by the power electronic converter (typically
switching at 5–20 kHz) and since filtering is typically required
in the demodulation process used to extract the position
information superposed on the phase currents, the resulting
bandwidth of the speed and position estimates are, typically,
significantly reduced compared to operation using a position
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sensor or position sensorless operation above the low-speed
range where information found in the back-electromotive force
(EMF) can be used to extract position information.

Attention has been put on developing novel rotor designs
aiming to improve the capability for low-speed sensorless
control without affecting other machine performance char-
acteristics negatively [16]–[19]. As of today, the conceptof
position sensorless control has matured to a stage that it has
been implemented in certain industrial products availablein
the market [20].

When hybridizing a vehicle with an electric machine, tor-
sional drive-train oscillations, caused by the elastic coupling
between the electric machine and the wheels, may result in
unwanted mechanical stresses and vibrations. To mitigate such
problems, different control schemes, often referred to asactive
oscillation damping, have been presented in the literature, see,
e.g., [21]–[24]. Generally, the mean to dampen the torsional
oscillations in these schemes is to manipulate the commanded
electric torque with a corrective signal. Disregarding howthis
corrective signal is obtained, information about the rotorspeed
is typically used.

If the rotor position is measured with high accuracy, using,
e.g., a resolver or a high-resolution position encoder, therotor
speed can be estimated with a high bandwidth. In this case, the
impact of limited speed estimation dynamics can generally be
neglected when designing the active damping control scheme.
However, if the bandwidth of the speed estimation dynamics
is limited, e.g., during position sensorless operation in the
low-speed region, this effect should be considered during the
control design process.

At the design stage of active damping schemes, validation
and experimental tests in the laboratory environment (with
easier access to the measurements) are normally preferred.
Emulation of the mechanical drive-train by means of electrical
drive is often considered and general control strategies can be
found in many publications [25]–[27]. However, the design of
an emulator is project-specific due to the different mechanical
systems and testing requirements [28]–[31]. In this paper,
an experimental test bench, developed to emulate torsional
drive-train oscillations and associated damping schemes in
[32], is used to investigate the possibilities and limitations
of using active oscillation damping control in a position
sensorless PMSynRel developed for propulsion in a hybrid
electric vehicle (HEV). Particular focus is put on low-speed
carrier-signal injection based position sensorless control. A
method is proposed where the parameters associated with
speed and position estimation are tuned while controlling the
fundamental current using the measured rotor position. In this
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way, optimized parameter settings can be obtained relatively
fast without risking to render the system unstable during
the control tuning process. By incorporating the reduced
bandwidth of the speed estimate from the position sensorless
algorithm, the active damping scheme considered is tuned
using an optimization approach.

This paper is organized as follows. In Section II, the
torsional oscillation problem and the active damping scheme in
consideration are reviewed. Section III presents an analysis of
the impact of reduced speed estimation dynamics on the active
damping control scheme. The proposed tuning methods for the
position sensorless algorithm and the active damping control
scheme are presented in Section IV. Finally, conclusions are
reported in Section V.

II. TORSIONAL DRIVE-TRAIN OSCILLATIONS

In HEV drive-trains, the coupling between the electric ma-
chine and the wheels typically can, in general, not be assumed
to have an infinite stiffness. Hence, torsional oscillations can
appear and may cause a poor driving comfort [23]. Fig. 1
shows the principal layout of an electric rear axle drive
(ERAD) used in a commercial HEV. The electric machine
(ERAD) is linked to the wheels via several elastic compo-
nents (gears, drive shaft, universal joints and suspensions). In
this work, the mechanical parts of the drive-train have been
modeled using the ADAMS/Car1 software and the parameters
of the three-mass model shown in Fig. 2 have been fit to
correspond with the ADAMS/Car model2. Two dominating
low-frequency resonances are found (7.7 Hz and 12.2 Hz);
both with relatively poor damping (7.6% and 10.2%).

In [32], the linearized drive-train model (except for the
ERAD) has been sucessfully emulated using a servo motor.
Thereby, different control schemes for the electric machine
(ERAD) can be evaluated outside a vehicle environment. The
same approach is used in this paper.

Electrical
machine

Machine mounts

Suspension

Shaft

Universal
joint

Universal
joint

Fig. 1. Principal layout of an electric rear axle drive used in a commercial
HEV.

To eliminate torsional torque oscillations, different active
damping schemes have been proposed in the literature [21]–
[24]. The principal schematics of such active damping schemes
are depicted in Fig. 3 where the rotor speedω̂1 (measured
or estimated) and the wheel speedω̂w (often provided by the
ABS sensor) are fed back to theoscillation damping controller

1ADAMS/Car is a registered trademark of MSC Software Corporation,
Santa Ana, CA.

2The authors would like to acknowledge Dr. Anders Hägglund, formerly at
Volvo Cars Corporation, for carrying out this model approximation.

Fig. 2. Three-mass representation of the considered drive-train.

to generate a small corrective torque signalTctrl manipulating
the commanded torqueT1 to eliminate the oscillation. In this
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Fig. 3. Principal layout of active damping control.

paper, a high-pass filter based oscillation damping controller
similar to what presented in [33] is considered. Denotings as
the Laplace variable, the controller can be expressed as

Tctrl =
Ks

s+ α
(ω̂1 − ω̂w) (1)

where K and α are the gain and bandwidth of the con-
troller, respectively. If the rotor position is measured with
high accuracy, using, e.g., a resolver or a high-resolution
position encoder, the rotor speed can be estimated with a high
bandwidth and̂ω1≈ω1 can be assumed.

Tuning the controller expressed in (1) for the plant model
depicted in Fig. 2, i.e., selecting suitable values forK and
α, can be done in numerous ways. In this paper,K and α
are determined using the optimization procedure illustrated in
Fig. 4. The Matlab3 function “lsqnonlin” is used to minimize
the difference between the shaft torqueTd and the desired
shaft torqueT ∗

d when a step from zero to rated torque is
commanded. Fig. 5 depicts the corresponding experimental
results with and without the controller activated and, as seen,
good damping is realized.

III. I MPACT OF REDUCED SPEEDESTIMATION DYNAMICS

In this paper, the phase-locked loop type estimator proposed
in [34] is used to estimate the rotor speed̂ω1 from the
measured rotor positionθ1. The PLL-type estimator can be
expressed as

˙̂ω1 = 2ρe (2)
˙̂
θ1 = ω̂1 + ρ2e (3)

where the dot (̇ ) denotes the time derivative,ρ is the
bandwidth (in rad/s) ande = θ−θ̂ is the error signal containing

3Matlab is a registered trademark of The Mathworks Inc. Natick, MA.
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Fig. 4. Adopted optimization procedure for tuning the oscillation damping
scheme [32].
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Fig. 5. Experimental measurements of the shaft torqueTd, wheel speedωw

and rotor speedω1 without (solid line) and with (dashed line) active damping
control.

position information. The transfer function from the actual
speedω1 to the estimated speed̂ω1 can be expressed as

ω̂1 =
ρ2

(s+ ρ)2
ω1. (4)

Fig. 6 shows the pole-zero map4 of the transfer function
from T1 to ω̂1−ωw, without active damping control, when the
bandwidth of the PLL-type speed estimator is selected (delib-
erately low) toρ=50 rad/s (8 Hz). As seen, three zeros appear

4The pole-zero maps illustrated in Fig. 6–8 are zoomed in aroundthe
imaginary axis. The rest poles and zeros locate far outside the figures and
have minor impacts to the system stability.

in the right-hand-plane (RHP), known as non-minimum phase
zeros. Disregarding how the oscillation damping controller is
designed, the poles of the closed-loop system move towards
to the nonminimum-phase zeros as the loop gain increases,
and, thus, may render the closed-loop system unstable [35],
[36]. In essence, the feedback control system has a limited
gain margin which limits the performance of the oscillation
damping controller unless the rotor speed can be estimated
with a higher bandwidth. Fig. 7 shows the pole-zero map of
the closed-loop feedback system for different gainsK (α is
kept constant). As seen, the poles move to the RHP whenK
increases rendering the system unstable.
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Fig. 6. Pole-zero map of the transfer function fromT1 to ω̂ − ωw zoomed
in around the imaginary axis.

−40 −30 −20 −10 0 10
−100

−80

−60

−40

−20

0

20

40

60

80

100

100

50

100

50

0.5

0.3 0.2 0.1

0.5

0.3 0.2 0.1

Real axis

Im
ag

in
ar

y
ax

is

Fig. 7. Pole-zero map of the closed-loop transfer function fromT1 to ω̂−ωw,
zoomed in around the imaginary axis, whenα=0.026 rad/s and0.27≤K≤
2.56. The arrows indicate the direction of the pole movements when gain K
is increased.

Figs. 8–10 show the pole-zero map of the closed-loop trans-
fer function for different values ofρ together with correspond-
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ing experimental results forα=0.026 rad/s andK=2.73. As
seen, selectingρ ≥ 200 rad/s (32 Hz) results in a relatively
well dampened system and increasingρ further provides only
minor improvements in the resulting speed deviations.
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Fig. 8. Pole-zero map of the closed-loop transfer function fromT1 to ω̂−ωw,
zoomed in around the imaginary axis, forρ=50, 100, and200 rad/s (8, 16,
and32 Hz). The arrows indicate the direction of the movements of the zeros
and pole whenρ increases.
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Fig. 9. Experimental measurements of the shaft torqueTd and the wheel
speedωw with oscillation damping control forρ=50 rad/s (8 Hz).

IV. POSITION SENSORLESSCONTROL AT LOW SPEEDS

A. Basic Principles

As is well known, by adding a high-frequency carrier to
the voltage references sent to the modulator, position infor-
mation can be detected in the resulting high-frequency carrier
current provided that the machine possesses rotor saliency.
In this paper, the pulsating voltage vector injection method
proposed in [5] is considered. At low speeds, the back EMF
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Fig. 10. Experimental measurements of the shaft torqueTd and the wheel
speedωw with oscillation damping control. The solid line corresponds to
when ρ = 200 rad/s (32 Hz) and the dashed line whenρ = 4000 rad/s
(637 Hz).

is small in magnitude and the resistive voltage drop due to
the resulting high frequency current is considerably smaller
than the corresponding inductive voltage drop. Hence, for the
carrier currentic and the carrier voltagevc, the machine model
can be simplified to an inductive load as

vc = Ldq

dic
dt

(5)

where Ldq is the differential inductance matrix, represent-
ing the inductance for small deviations around a certain
operating point. The carrier voltage can be expressed as
v̂c = [Vc cosωct 0]T in the estimated rotor reference frame
(governed by the rotor position estimatêθ). The resulting
current îc=[̂icd îcq]

T can be expressed as

îc =

∫

T(θ̃)L−1

dq T(θ̃)−1
v̂cdt (6)

where

T(θ̃) =

[

cos θ̃ − sin θ̃

sin θ̃ cos θ̃

]

(7)

andθ̃ = θ− θ̂ is the rotor position estimation error. In general,
the inductance matrixLdq can be expressed as

Ldq =

[

L′

d L′

dq

L′

qd L′

q

]

. (8)

Assumnig a conservative system (neglecting iron losses) the
condition L′

qd = L′

dq can be assumed [37]. With this as-
sumption, the resulting current vector in the estimated rotor
reference frame can be expressed as

îc=
Vc sinωct

2ωc











2(L′

d sin
2 θ̃ + L′

q cos
2 θ̃ + L′

dq sin 2θ̃)

L′

dL
′

q − L′2

dq

∆L′ sin 2θ̃ − 2L′

dq cos 2θ̃

L′

dL
′

q − L′2

dq











. (9)
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Now, the error signalε (containing position information) is
formed by demodulating and filterinĝicq as

ε = LPF
{

HPF
{

îcq

}

sinωct
}

(10)

where LPF and HPF denote low- and high-pass filtering5,
respectively (the high-pass filtering is carried out in order to
remove the dc component caused by the fundamental phase
current). From (9),ε is found as

ε =
Vc

4ωc

√

∆L′2 + 4L′2

dq

L′

dL
′

q − L′2

dq

sin
(

2θ̃ − ϕ
)

, Ke sin
(

2θ̃ − ϕ
)

(11)

whereϕ = cos−1

[

∆L′/
√

∆L′2 + 4L′2

dq

]

represents the phase

shift induced by cross-saturation (sinceL′

dq 6= 0). Now, ε is
normalized (i.e., multiplied with1/Ke) and fed to the speed
and position estimator reviewed in Section III which forces
this error signal to zero. Lettingε→0, it is evident from (11)
that ϕ 6=0 introduces a steady-state position estimation error
θ̃∗ = ϕ/2 which must be compensated for. In this work, the
compensation method proposed in [12] is adopted. Further,
the current reference trajectories (iref

d and iref
q ) are selected so

that a minimum differential saliency is fulfilled at all operating
points according to [15].

B. Tuning Approach

Due to noise always found in the error signalε, the
bandwidth of the PLL-type speed and position estimator must
be reduced significantly when the carried-signal injection
method is adopted for low-speed position sensorless control
compared to the situation when the rotor position is measured.
As highlighted in Section III,ρ must be selected above a
certain value to achieve sufficient damping. By means of
electromagnetic design, the magnitude of the error signalε
can be manipulated [16]–[19]. The magnitude and frequency
of the carrier signal (Vc and ωc) can also be changed but
these quantities are essentially limited by the available dc-bus
voltage and the maximum switching frequency of the power
electronic converter. In this work,Vc is selected toVc=115 V
which is well below the limit dictated by the available dc-
bus (battery) voltage (in this case,400 V) and the carrier
frequency is selected to500 Hz (corresponding to one tenth
of the switching frequency).

Selecting the proper cut-off frequencies of the low-pass and
high-pass filters as well as selecting the bandwidthρ of the
speed and position estimator is not straight forward process.
To fulfill the requirements governed by damping the torsional
oscillations, the test bench presented in [32] and reviewedin
Section II is used. For the tuning process, a resolver is used
to provide the rotor position forfundamental current control.
However, similar as in [17], a carrier voltage signal is injected
to the estimatedd-axis and the currents are projected to the
real and estimated rotor reference frame for current control

5In this work, second-order Butterworth filters, implemented digitally, are
used.

and for rotor position detection, respectively. In this way,
the converter is never tripped due to over current caused by
too large speed and position estimation errors. Themaximum
rotor-position estimation error is then measured for different
cutoff frequencies for the case when a 100 Nm torque step is
commanded, corresponding approximately to the rated torque
of the PMSynRel in consideration. The experimental results
are plotted with corresponding simulations6 in Fig. 11 and 12
for ρ = 30 rad/s (5 Hz) andρ = 50 rad/s (8 Hz), respec-
tively. As seen, reasonable agreement is achieved between the
experimental and corresponding simulation results. Increasing
ρ further significantly increases both the noise content and
the speed and position estimation errors rendering a closed-
loop position sensorless control unfeasible. When the cutoff
frequency of the high-pass filter is higher than25 Hz, the
maximum position estimation error becomes larger. Further,
the maximum position estimation error does not reduce sig-
nificantly more when the cutoff frequency of the low-pass filter
is higher than100 Hz.
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Fig. 11. Maximum rotor position estimation error forρ=30 rad/s (5 Hz) for
different cutoff frequenciesfc,lp of the low-pass filter. The legend denotes
the cutoff frequency of the high-pass filter: (a) Simulation.(b) Experimental
results.

From the experimental results, the cutoff frequencies of the
low- and high-pass filter are selected to 100 Hz and 15 Hz,
respectively andρ is selected toρ=50 rad/s (8 Hz). Fig. 13
shows a sample experimental result when closed-loop position
sensorless control is adopted. As seen, the system is stablebut
with significant torsional oscillations. Tuning the oscillation
damping controller when operating position sensorless will be
covered below.

6The simulations are implemented in a Matlab/Simulink simulationenvi-
ronment where the machine model is linearized around the operating points.
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Fig. 12. Maximum rotor position estimation error forρ=50 rad/s (8 Hz) for
different cutoff frequenciesfc,lp of the low-pass filter. The legend denotes
the cutoff frequency of the high-pass filter: (a) Simulation.(b) Experimental
results.
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C. Position Sensorless Oscillation Damping Control

From the results above, it is reasonable to assume a rel-
atively small θ̃ at all operating points, including transients.
Hence, the electrical torque can be assumed to correspond
well with the commanded torque reference and only the impact
of the dynamics betweenω1 and ω̂1, governed by (4), need
to be taken into consideration when the oscillation damping
controller is tuned. This is verified in Fig. 14 showinĝω1

computed by (4) and the corresponding experimental result
during a100 Nm torque step. As seen, a good agreement is
achieved.
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Fig. 14. Comparison between measurement and (4) (expressed in the time
domain) whenT1=100 Nm.

The approximate speed estimation dynamics, governed by
(4), are now incorporated in the design process outlined in Sec-
tion II, i.e., instead of usingω1, ω̂1, governed by (4), is used
in the optimization procedure depicted in Fig. 4. Thereby, new
values forK andα are obtained. Corresponding experimental
results are reported in Fig. 15 with and without oscillation
damping control. As seen, the torsional oscillation is damped
by the oscillation controller also when the rotor speed and
position are estimated. Essentially due to the reduced dynamics
of the speed estimation, the performance of the oscillation
damping control is reduced compared to the case when the
rotor position is measured.

In an actual HEV, thewheel speed is often computed using
ABS sensor and, due to limited resolution of this sensor,
accurate speed wheel speed estimates are not available at
low speeds. In this situation, onlŷω1 is available for the
active damping control. The oscillation damping controller
in consideration is evaluated in this situation by changing
the input of (1) from ω̂1 − ω̂w to ω̂1. The corresponding
experimental measurements are reported in Fig. 16.

Comparing the results in Fig. 10 with the results reported
above, it is evident that the oscillation damping control is
significantly worsened when position sensorless control is
adopted for the specific PMSynRel and drive-train setup.
However, due to the detailed tuning process of the controller,
the obtained results highlights the limits of what can be
achieved with the specified hardware.

V. CONCLUSION

In this paper, guidelines for tuning a controller for damping
torsional drive-train oscillations in an EV/HEV application
have been presented when the position is not measured but
rather estimated, commonly referred to as position sensorless
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Fig. 15. Oscillation damping control using the estimated rotor position and
speed (position sensorless control). The shaft torque without and with active
damping control is plotted as a solid and dashed line, respectively.
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Fig. 16. Oscillation damping control using the estimated rotor position and
speed (position sensorless control) when onlyω̂1 is available. The shaft torque
without and with active damping control is plotted as a solid and dashed line,
respectively.

control. The drive-train oscillations were modeled using a
three-mass representation and a tuning process evaluated in
an off-vehicle environment were described. The proposed
technique can be used to determine whether a specified electric
drive (electric machine and corresponding power electronic
converter) can be suited for position sensorless control ina
given vehicle.
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