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Abstract—The paper presents a simple and effective direct
flux and torque control strategy for the active minimization
of torque ripple in Permanent Magnet synchronous motor
drives. The observed stator flux amplitude and the estimated
electromagnetic torque are directly controlled, and the torque
feedback is estimated through a pre-determined 3D Look-Up-
Table having the (d,q) current components and the measured
rotor phase angle 0 as inputs. The torque LUT used in the
paper was obtained via dedicated preliminary experimental tests,
but other methods for its determination exist, including Finite
Element Analysis where possible, and manipulation of the flux
d, q linkage characteristics. Simulation and experimental results
are provided for a 10k Permanent Magnet Synchronous Motor
to demonstrate the validity of the proposed torque control
strategy.

I. INTRODUCTION

Index Terms—Torque ripple, Space harmonics, dgf model,
Instantaneous Torque Control, Synchronous motor drives

Torque ripple minimization in Permanent Magnet (PM),
Synchronous Reluctance (SyR) and Switched Reluctance (SR)
[1] motor drives has been widely investigated in the liter-
ature over the last 20-plus years. The magnetic field space
harmonics produce flux linkage and torque undulations which
can be problematic in those applications requiring low-speed
operation and/or position control. This is even more critical
for sensorless applications [2], [3], where space harmonics
of excessive amplitude harm the position estimation and the
overall control stability. In addition, torque ripple contributes
to acoustic noise and vibrations of the driveline. Therefore, ac-
tive torque ripple suppression is relevant whenever the electric
motor does not comply with the application requirements.

Limited to 3-phase PMSM drives with distributed windings,
flux linkage space harmonics exist in the dq rotor refer-
ence frame at frequencies multiples of 6 with respect to
the electrical fundamental frequency. This, in the absence of
manufacturing asymmetries. Torque ripple and cogging torque
usually have a main harmonic order at Q5 in one mechanical
revolution, being @) the stator number of slots (again multiple
of 6), or Qs/p with respect to the fundamental frequency,
where p is the number of pole pairs.

The torque ripple is commonly minimized at the motor de-
sign stage by torque ripple optimization [4]-[6], skewing [7],
[8] or asymmetric poles [9], [10]. Whatever the suppression
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Fig. 1: Torque ripple identification for three dg points: 244,1 =
[17.5;17.5], igq,2 = [22.5;17.5], t4q,3 = [27.5;17.5]. Top:
measured torque 7'. Bottom: rotor electrical position 6

method, torque ripple reduction implies a tradeoff with average
torque production.

A feasible alternative to a minimum-torque motor design
is the active suppression of the torque ripple by dedicated
torque control algorithms. The control strategies found in the
literature can be classified into the three main categories [11]:
current profiling, speed noise cancellation and Instantaneous
Direct Torque Control. Current profiling [12] refers to dg
current vector control and consists of torque harmonic can-
cellation by means of properly distorted current trajectories
on varying the torque reference and rotor position, computed
offline by means of Finite Element Analysis (FEA). If a
sinusoidal current supply produces torque ripple, a distorted
phase current can, in principle, cancel the harmonic torque
components. The computed current harmonic distortion is
added to the reference signals of the current regulators. The
main challenge is the cumbersome preliminary computation
of the appropriate current reference signals. Other downsides
are the FEA model’s uncertain accuracy in the absence of ex-
perimental calibration, and uncertain availability, and the need



for a high bandwidth of response of the current regulators.
In [13] a fuzzy-logic torque control is implemented, where
torque ripple is minimized using the oscillations of measured
speed as control feedback. However, the measurement of
speed oscillations requires a position transducer with very high
resolution and high dynamic of response.

In the Instantaneous Direct Torque Control schemes a flux
and torque observer estimates the torque on varying the rotor
position, and uses such torque estimate in a closed loop
torque control. In [14] a Dead-Beat Direct Torque and Flux
Control (DB-DTFC) is utilized for a Synchronous Reluctance
Machine, where the feedback torque is real-time estimated
including the position derivative of the magnetic coenergy.
The results show partial torque compensation and the under-
standing of the authors is that the flux-observer is incapable of
representing the flux linkage harmonic content with the needed
bandwidth. In [15] an adaptive current control is implemented,
where the torque of a PMSM is online estimated from the 6"
and the 12! flux linkage harmonics, retrieved through the
back-EMF integration. Besides the mathematical model being
computationally non-trivial, it is also sensitive to parameter
errors and limited to a finite number of flux harmonics. In
[16], harmonic effects are treated as parameter uncertainties
and an adaptive internal model is used to compensate for
such uncertainties. The method shows good performance for a
surface-mounted PM synchronous test motor with a dominant
6th harmonic torque ripple. In [17], [18], torque ripple min-
imization is achieved through Torque Predictive Control, by
respectively varying the time duration of the applied voltage
vector and by using Extended-Control-Set, i.e. more virtual
vectors are used in addition to the eight inverter voltage
vectors.

In this paper, a novel Instantaneous Direct Torque control
strategy is proposed based on Direct Flux and Torque Vector
Control. Flux amplitude and torque are controlled by two PI
regulators, with no need for predefined current trajectories
or cumbersome manipulation of the machine under control
model. The torque feedback is estimated based on a 3D Look-
Up-Table, function of the dq current components and the rotor
phase angle 6, therefore including the torque ripple component
at any operating point. The 3D torque LUT was directly
measured on the motor under test, as described in the paper.

The paper is organized as follows. Section II presents the
dgf model approach and the torque ripple map identification
test. The proposed control scheme is described in Section III.
Simulation and experimental results are given in Sections IV
and V respectively, while Section VI concludes the paper.

II. MOTOR MODELLING WITH SPACE HARMONICS
A. dqB motor model

Generally, the non-linear magnetic characteristics, including
saturation and cross-saturation effects, are represented by the
saturation curves or flux maps Aqq (249). This is called the
fundamental saturation model, where the flux linkage values
refer to purely sinusoidal current supply and their dgq values
are averaged over one electrical (or mechanical) period for

TABLE I: Ratings of the motor under test

Number of pole pairs 2
Number of slots 36
Nominal DC-link voltage 300 V]

Max Current 44 [Apk]
Nominal Torque 18 [Nm]
Max torque 43 [Nm]
Nominal speed 2500  [rpm]
Max speed 9000  [rpm]

extracting the fundamental component. Neglecting harmonic
effects, the average electromagnetic torque Ty, can be derived
from the cross product of the current and flux linkage funda-
mental vectors:

3 .
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where p is the number of pole pairs and J = [9 ']

The flux maps can be either FEA computed or experimentally
identified through a standard constant-speed procedure [19]
which is generally preferred for its higher accuracy and wider
availability, as the FEA model of the motor is exclusively held
by the motor manufacturer. If the space harmonics effects are
to be included, the dgf flux maps Agq (iaq,6) approach is
suggested, as described in [20]. The dgf) maps are an extension
of the dg model, where the flux linkage and torque are also
functions of the electrical rotor position 6:

0 50 100 150 200 250 300 350
0 [deg]

Fig. 2: Top to Bottom: FEA evaluated d-axis A\g, g-axis A,
flux linkages and torque T, function of electrical angle 6
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In the dg maps, the rotor position information is lost when
the A4, fluxes are averaged over the electrical period. This
approach covers all space harmonics effect on torque and
flux linkages, including back-EMF undulation. Such effects
are pointed out in Fig. 2, showing the A4, A, and torque
waveforms of a 10kW PM-Assisted-Synchronous-Reluctance
Machine. The ratings of the reference machine are listed in
Tab. I. This reference PMSM is used for simulation and
experimental validation of the proposed technique, as reported
in Sections IV and V.

In principle, the dgf torque map can be derived by manip-
ulation of the dgf flux maps. In particular, the instantaneous
electromagnetic torque can be computed as:

00
where W' (iq,iq4,0) is the magnetic co-energy. Being a
conserved quantity, the co-energy does not depend on the path
of the integral; it can be thus expressed as the sum of the d
and ¢ axis components, called W}(i4,0,6) and Wy (i4,i,0)
respectively, assuming that the d-axis is magnetized first and
then the g-axis:
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The co-energy based derivation requires that experimental
dgf flux maps are available at high resolution in the 6 dimen-
sion, and their appropriate manipulation. This is the subject
of future work. As said, in this paper the 3D torque LUT was
obtained by direct measurement of the torque waveform across
the 74, domain.

B. Torque map measurement

The proposed torque control technique uses the measured
dqf torque map of the motor under test. The method for the
direct measurement of the machine torque ripple is described
in [9]. A dedicated low speed test bench, represented in
Fig. 3, includes a speed-controlled driving machine mechan-
ically coupled with the motor under test (MUT) through a
gearbox with a high ratio and a torquemeter (T40B 100Nm
by HBM). This permits imposing a very low and stable
speed at the MUT shaft, and at the same time suppresses
any ripple of the driving machine from propagating to the
torque measurement. The MUT is current controlled, with
the current vector systematically exploring the dq current

Fig. 3: Workbench for torque ripple identification and experi-
mental validation.

plane along a regular grid of points. In each %4, measurement
point, the current is maintained for one mechanical revolution,
and the torque waveform is measured by the torque meter
at high sampling rate, together with the rotor position. The
shaft rotates at 10 rpm, corresponding to 6 s per revolution.
The obtained data is then post-processed for the 3D torque
ripple map computation. The %4, 7, current grid covers the
range 0A — 35A, with current steps of 2.5A. An example
or results is given in Fig.1, representing the measured torque
and electrical position for grid points igqq1 = [17.5;17.5],
idg,2 = [22.5;17.5] and {443 = [27.5;17.5].

The torque ripple measurement described in [9] requires a
dedicated test rig, which includes a torque meter and a gear-
box, and accurate sinusoidal current control. An alternative
procedure is to compute the torque ripple starting from the
dqf flux undulation, which can be measured under sinusoidal
[21] or even distorted [22], current waveforms. In this case,
the torque maps are computed from (3)-(5). This approach is
the scope of future works.

III. PROPOSED CONTROL STRATEGY

A. Background of Direct Flux Vector Control

The proposed control algorithm is based on Direct Flux
Vector Control (DFVC) [23], which is briefly described here.
DFVC operates in the (ds, gs) stator flux coordinates, with d
aligned with the stator flux vector and 6 being the phase of
the observed flux linkage vector with respect to the stator o
axis. The controlled variables are the flux amplitude A and
the 7,5 current component, which is perpendicular to the flux
vector. Both these variables are closed loop imposed by two
dedicated PI regulators.

In stator flux coordinates, the voltage vector vgs4s and the
fundamental torque T}, can be written as:

Vds Rsids"'%
. 6
{”qs: Rslqs_")"(w"'%) ©
3 .
quzf'p')\'zqs (7)
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Fig. 4: (a) Block diagram of the control scheme; (b) hybrid flux observer.

The flux reference \* is retrieved by the Maximum Torque
Per Ampere (MTPA), and saturated to A4, to implement the
field weakening (FW) operation.
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The reference current iy, is retrieved by reversing the
fundamental torque equation in (7). The flux linkage vector,
its amplitude and phase 6, are estimated by means of a Hybrid
Flux Observer (HFO), represented in Fig. 4b. The HFO merges
the flux estimation based on the measured current vector
and 2D flux maps LUTs (current model) with the back-EMF

integration (voltage model).

B. Proposed DTFC with active torque ripple cancellation

The proposed control scheme for the torque ripple cancel-
lation is depicted in Fig. 4a. With respect to the canonical
DFVC, the HFO structure and the flux control loops are
maintained, but the second controlled variable is the instanta-
neous motor torque, closed-loop controlled by means of the
PI regulator. The feedback torque estimate is obtained by
the 3D torque map, or dgfl torque estimate, which outputs
the instantaneous machine torque computed with a tri-linear
interpolation in the (ig,%4,6) domain.

Given a constant reference torque, the closed loop PI torque
control tends to cancel the torque error, i.e. to force the torque
estimate 7' to be equal to the (constant) 7. Provided that the
feedback 71’ contains the dgf harmonics, the torque undulation
is suppressed. It should be noted that, due to the space
harmonics in the machine, imposing a constant instantaneous
torque corresponds to non-sinusoidal phase currents. Anyway,
differently from the current profiling methods such as [12], the
appropriate current distortion is not to be computed; it comes
as the result of the closed loop torque control.

It should be noted that the flux control loop is unchanged
with respect to the DFVC. This permits to impose the operat-
ing point on the MTPA, and to implement flux weakening
control again through the limitation of the flux amplitude
reference \* < Amaz.

The calibration of the two PI regulators is presented in (9).
The calibration of the flux loop is retrieved from (6), with the

proportional gain equal to the desired bandwidth, while the
torque loop is calibrated based on (7):

kpx = wpa ki < kpa (%9a)
1
k‘p,T = 3T . (,db’T . lq ki7T < kp,wa7T (9b)
§p>\’n

where wp » and wp 7 are the bandwidth for flux and torque
control respectively, k, » and k; » are the proportional and
integral gains of the flux PI regulator, k, + and k; 7 are the
proportional and integral gains of the torque regulator, A, is
the nominal flux amplitude and [, is the d-axis incremental
inductance. For simplicity, wp » = wp,7 can be imposed and
lq is computed in the nominal torque dg current point.

IV. SIMULATION RESULTS

The proposed torque control strategy was tested in the
Matlab-Simulink environment. The adopted e-drive simulation
model, described in [24], is based on the dgf approach, and
accounts for PWM voltage supply, magnetic saturation and
undulation in torque, flux and EMF due to space harmonics
effects.

An example of simulation results is represented in Fig. 5.
The MUT was torque controlled, with the reference set at
T* = 20Nm, while the speed is imposed at 100 rpm. The
test started with the MUT controlled under DFVC. At the time
t = 0.5s the proposed torque ripple suppression technique was
activated by acting on the switch in Fig. 4a, and the controlled
variable passed from i, to T. The upper plot of Fig. 5, reports
the estimated torque T (red line) computed from the 3D torque
map, which is well in accordance with the simulated motor
torque 7' (blue line). As can be noted, under DFVC (i.e. t <
0.5 s) the peak-to-peak torque ripple was significant (= 5Nm,
oscillating between 23 and 18 Nm), while it was well regulated
by the active torque ripple suppression strategy (¢t > 0.5 s),
with a residual peak-to-peak ripple lower than 0.5 Nm.

The corresponding phase currents are reported in the second
subplot of Fig.5. As can be noted, the current was practically
sinusoidal for ¢ < 0.5 s, demonstrating the correct DFVC
implementation, while the current was distorted for £ > 0.5 s,
in order to suppress the torque harmonics. No significant
effects were seen on the estimated flux amplitude A depicted
in the third subplot of Fig. 5. The transition of the controlled
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Fig. 5: Control strategy: DFVC for ¢t < 0.5s and instantaneous
torque control for ¢ > 0.5s. From top to bottom: Estimated
T, motor 1" and T™* reference torque; Phase currents i4pc;
reference \* and observed \ flux amplitude; reference i;s and
feedback i, for ¢ < 0.5s and reference and feedback torque
for ¢t > 0.5s.

variable is represented in the last subplot of Fig. 5: for
t < 0.5 s the reference current was computed according to (7),
and the feedback was the measured iqs, while the reference
and feedback variables were T™ and 7T for ¢ > 0.5 s, where
the torque ripple suppression is activated.

V. EXPERIMENTAL RESULTS

Experimental results were obtained using the test bench
presented in Fig. 3. The torquemeter permitted to measure the
motor torque, denoted as T},.qs. This measurement, although
not used for control purposes, allowed the real-time monitoring
of the torque at the shaft. It should be noted that the gearbox
permits the suppression of the torque ripple due to the driving
machine, so the measured torque undulation is only due to the
MUT. The motor was supplied by a 2-level three-phase inverter
operating at 10 kHz, and commanded through a dSpace control
platform DS1005. The dc-link voltage was set to the rated
value of 300 V.

The comparison between the DFVC with and without the
proposed torque ripple suppression strategy is presented in
Fig. 6. In this test, the motor was controlled at 20 Nm and
the measurements were acquired for 4 electrical periods. By
using the conventional DFVC, the peak-to-peak torque ripple
is ~ 4 Nm, while this value is reduced to ~ 1.5 Nm when the
minimization is activated. The introduced current distortion,
trying to suppress the torque ripple, is clearly visible.

The bottom pictures in Fig. 6 present the Fast-Fourier-
Trasnform (FFT) on the torque waveform. The fundamental
harmonic amplitude is equal to the average average value of
20 Nm, which is out of scale in the figures. When the motor
is controlled under DFVC, the predominant torque harmonics
are the 6!, the 12! and the 18", as expected from the
motor design, number of slots and FEA analysis in Fig. 2.
Moreover, the adopted prototype presents a limited 2”¢ order
harmonic due to manufacturing asymmetries. The proposed
torque ripple suppression was demonstrated to be effective,
reducing the 6! harmonic from 0.256 to 0.094 Nm, the 12"
harmonic from 0.539 to 0.0489 Nm and the 18! harmonic
from 1.086 to 0.214 Nm, while the average torque is still
properly controlled at 20 Nm. The limited residual torque
undulation is partially due to the measurement noise and
uncertainty of the torquemeter and partially to the imperfect
3D torque LUTs.

Finally, a staircase torque reference was imposed in the
test reported in Fig. 7. The torque was imposed in steps
of 2Nm, spanning from 10 to 20Nm. As can be noticed,
the torque ripple suppression strategy is effective at any
load level, with similar performance. The bottom figure also
reports a comparison between the two cases when the torque
has reached 20 Nm, emphasizing the torque ripple reduction
obtained with the proposed technique.

VI. CONCLUSIONS

This paper presents a torque control algorithm capable of
actively suppressing the torque ripple in a saturated PMSM
drive. The method exploits a 3D of dqfl torque LUT, to
extract the instantaneous torque waveform function of the
dq current components and rotor position. The identification
of the torque map is performed by means of a dedicated
test rig, equipped with a torquemeter. The control algorithm
relies on two PI regulators controlling the flux amplitude
and the instantaneous torque estimate. There is no need for
time-consuming computation of current trajectories or more
complicated control algorithms. Simulation results provide ex-
cellent results, with total suppression of the torque undulations.
Experimental validation shows a reduction of the amplitude
of the machine main harmonics, thus the 6,12t and 18",
Future work will investigate the identification of torque ripple
without a dedicated test bench and a torque sensor. Also the
medium-high region will be analyzed.
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