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Abstract— This paper presents a novel control strategy, for
mitigating harmonics in squirrel cage induction machines using a
repetitive PI-controller. The proposed method enhances existing
control architectures for permanent-magnet synchronous motors
by taking the rotor harmonics into account by adding a second
dimension. This is a key enabler for harmonic current mitigation
in induction machines, as the magnetic circuit depends on the
rotor position and rotor flux angle. The presented controller has
been verified by test bench measurements. In addition, its
performance is demonstrated by comparison with a conventional
PI control and a 1D repetitive PI control using measurements.

Keywords— induction machines, harmonics, non-linear control,
harmonics mitigation, machine control

I. INTRODUCTION

The operation of electric machines inherently generates
current harmonics, which affect both system efficiency and
performance [1], [2], [3]. The primary sources of current
harmonics are the machine design [4], [5], [6] and the power
inverter nonlinearities [7], [8]. Various control strategies are
known to reduce the current harmonics in induction machine
drive systems. In [9], the harmonic content is reduced by
incorporating morphological filters within the feedback loop,
which minimizes the superimposed harmonics caused by the PI-
control itself. [10] introduces a quasi-resonant linear active
disturbance rejection based current loop control method for
harmonic mitigation. [11] suggests using different PI-control
loops in rotating reference frames to additionally reduce the 5%
and 7" harmonic components in doubly fed induction machines.
In [12] a resonant controller is proposed in to specifically target
and reduce the 5" and 7" harmonics in the stator current.

In this paper a novel approach is presented, which extends
existing control methods for PMSMs [7], [13] to comply with
the harmonic content of induction machines. Due to the design
as repetitive controller, mitigation as well as precise injection of
current harmonics are possible [7]. In contrast to existing
methods, the repetitive control algorithm can therefore reduce a
wide range of harmonic components.
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This work starts by deriving the origin of harmonic current
components in squirrel cage induction machines, motivating the
need for a two-dimensional control approach. This is followed
by a brief description of the control design and parameterization.
Verification is done through testbench measurements,
demonstrating the performance of the novel control design by
comparison to existing methods

II. CURRENT HARMONICS IN INDUCTION MACHINES

As mentioned in the introduction, the primary sources of
current harmonics are inverter nonlinearities and the machine
itself. Since the harmonics generated by the inverter are similar
across various types of machines, this chapter focuses on the
induction machine as the cause of current harmonics.

The analysis is based on the electro magnetic machine model
of the induction motor. Using the voltage equations of the
induction machine, the relationship between the flux linkages
and current harmonics can be explained. Since the control is
based on rotor flux orientation (RFO), the modeling also utilizes
the rotor flux-oriented dq coordinate system.

The dq stator voltages (vsq, Vsq) are expressed as functions
of the stator resistance Ry, the stator dq currents (isq, igq), stator
flux linkages (sq, Ysq) and the stator angular velocity ws.

. disq

Vsq = Rg + igq + —d: — Psq * Ws (D
. dys

Vsq = Rg " igq + —dtq + Psq - ws (2

The rotor voltage equations are similarly defined using the
corresponding rotor quantities. Since the rotor is short-circuited,
its voltages are vgq = Vgq = 0.



Due to the rotor flux orientation, Ygq is zero by definition
and is consequently excluded from the equations.

) dyprq
VRd:():RR'le"'T (3)
Vpq =0 = Rp " ipq + Yra " Wr 4)

In stationary operation, the voltages vg4q and vgq show only
little variation. As a result, current harmonics are mainly formed
due to the flux linkages. Elimination is therefore only possible if
the output voltages of the inverter are chosen as a function of the
flux linkages. For this purpose, angular dependencies of the flux
linkages are examined using FEA data of an example machine
generated with the method presented in [4].

A. Spacial harmonics of flux linkage maps

As the machine design differs from the device under test
(DUT) shown in chapter I'V, only the basic principle is explained
based on the data. Direct application to the test bench or
controller parameterization cannot be derived from the results of
this chapter.
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Fig. 1.: Drawing of an induction motor including all angle
definitions.

The analyzed 3-phase machine is shown in fig. 1. It features
one pole pair, Qg = 14 rotor bars and 18 slots. The rotor is not
skewed which favors the formation of harmonics [4], [14]. The
flux linkage maps were generated in rotor current orientation,
which differs from the rotor flux orientation used for machine
control. Therefore, all maps of [4] were initially reoriented to
align with rotor flux reference frame given by dy,, gy, in fig.
1. The angle y, in fig. 1 represents the transformation angle
between the stator-fixed af3- reference frame and the dy, gy, -
frame in rotor flux orientation. yy indicates the angle between
the rotor and the dy,qy, - reference frame. Under no-load
conditions, this angle is always zero as no slip is present.

The results show two dominant impacts on the harmonic flux
linkage maps. One is the position of the rotor in relation to the
stator and the other is the orientation of the rotor flux vector. To
illustrate this, the flux linkages are analyzed for two operating
points. In fig. 2, only the rotor angle yy is varied, while the rotor

flux angle is chosen to yy,, = 0° The stator current vector is
chosen constant to isq = 20 A and igq = —10 A. Analyzing

the results of fig. 2, yg shows a periodicity of 3600/ Qr ~

25.7°. This is to be expected, as shifting the rotor by one rotor
bar division results in the same magnetic circuit and therefore
the same flux linkages.
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Fig. 2.: d-flux harmonics in dependence of yg-axis.

In fig. 3, only the rotor flux angle yy,, is varied, while the
rotor angle is constant at yg = 0°. The stator current vector is
again chosento isgy = 20 A and igq = —10 A. This is similar to
no load operation with zero slip. For y,,, the periodicity of the
flux linkage is 60° in the RFO reference frame, which is typical
for three-phase machines. It contains the dominant harmonics of
the order (6 - n + 1) forn € N7 in stator orientation which turn
into the multiples of the 6 order through the transformation in
RFO.
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Fig. 3.: d-flux harmonics in dependence of yy, -axis.

The induction motor only produces torque if the slip is not
equal to zero. As a result, both angles usually vary during
operation, meaning that a controller must be able to handle every
possible combination of both angles. Fig. 3 shows the full
harmonic flux map for the variation of both, rotor angle yr and
rotor flux angle .
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Fig. 4.: Y4 harmonic map in dependence of yg-axis and
Vepg-axXis.

Ve 10 °



III. DESIGN OF THE CONTROLLER

The block diagram of the whole drive system is shown in fig.
6. The control architecture is based on the FOC published in
[15]. The d- and g-axes each feature its own independent
repetitive Pl-controller. The block diagram of the proposed
repetitive PI-controller is shown in fig. 7.

In contrast to synchronous machines, the transformation
angle for the FOC for induction motors cannot be determined
directly by the encoder. To ensure accurate estimation of the
rotor flux angle, the non-linear current model from [16] is used.
It models the non-linearity of the mutual flux as well as the
change in the rotor time constant across the operating range.

A. Controller parameters

The d- and g-current path each feature its own independent
repetitive PI controller, as shown in Figure 6. The controller
parameters K, and K; for the repetitive PI controller are chosen
in accordance with the modulus optimum using the datasheet
values, with T, being the controller and PWM interval.

i, thereby denotes as the magnetization current that flows
through the mutual inductance. It is further assumed that the
stator and rotor leakage inductances (Lgs, Lgs) are constant
across the entire operating range. They are choosen according to
the datasheet values.

C. Repetitive integral path

For synchronous machines, a 1D storage system suffices
because the rotor angle is used as the transformation angle for
the FOC. This results only in a 1D periodicity. As discussed in
Chapter II, this is not the case for induction machines. Therefore,
a 2D storage system is proposed to cover both angles. Therefore,
the 1D storage system known from synchronous machines is
extended by the rotor angle dimension yg. This also allows
reduction of rotor position-dependent harmonics. The
procedures given in this section are identical for each repetitive
controller in the d- and g-axis.

1) Interpolation and storage

The memory of the integral component can only store discrete
sampling points. Therefore, the storage is based on bilinear

Lss+ Lrs interpolation. As the memory is 2D, all four sampling points
PT T 4. Ty (%) around the measured coordinate point given by [yg,¥y,] must
be stored accordingly.
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Fig. 6.: Block diagram of the drive system.

current model



Fig. 5 illustrates the basic process. For the sake of simplicity,
this procedure is only shown the point v . The other three
points are calculated similarly.

_ YI/)R - y‘l[)R,IOW
khpR - AleJR )
Yr — VR,low
k,. = A—]/R (10)

Vio0(t) =v;(t—1)
FAL KTy (L= k) =Ky, ) (D

The variable t thereby represents the current point in time in
the time-discrete system. (t — 1) does not necessarily refer to
the previous time step, but rather the last point in time at which
the memory of that specific sampling point was updated.

For the output interpolation all 4 sampling points are
necessary to calculate the output voltage v; ;¢ of the integral
part. The subscript ‘1’ thereby indicates that the sampling point
is larger than the desired value on the respective axes. The
bilinear interpolation for the output is performed in two steps.
First interpolation on the yg-axis is performed, resulting in two
auxiliary support points on the y,,-axis as shown in fig. 5.

Viox = Vioo (L —Kyp) + Vg1 - kyp (12)

Vigx = Vigo- (11— kyR) + Vi1 kyR (13)

The output voltage of the integral part is subsequently
calculated by linear interpolation between the auxiliary support
points.

Viout = Vizo - (1 — kywk) Vi ka (14)

2) Symmetries

As the controller’s transient performance decreases by the
number of grid points in the integral path, the storage size of the
2D controller is reduced utilizing the symmetries shown in
chapter II. It covers only one period of yy,. being [0°,60°] and

ygr being [0°,360/QR°].

K,

The use of symmetries is thereby always a trade-off between
settling time and remaining current ripple as further harmonics
can occur in the real machine due to the design, production,
ageing, faults etc. Furthermore, the power converter adds
nonlinearities to the system.

As these effects may not follow the same periodicity as the
ideal symmetrical machine, compensation using this repetitive
control approach can only be achieved for full periods of each
signal. Therefore, the range would typically be chosen to full
mechanical periods of the rotor and stator. This would lead to
long settling times and huge storage sizes. Consequently, only
the repetitive control approach utilizing the symmetries was
implemented.

3) Choosing the size of the lookup tables

According to the sampling theorem, higher frequency
components can be reconstructed if the sampling frequency is
increased. This means that higher harmonic orders can be
compensated by the repetitive control if the angular resolution is
high. For this reason, it would be desirable to implement the
highest possible number of support points in a system to achieve
the lowest possible current ripple.

There are some limitations that must be taken into account
when determining the number of support points:

1. The settling time of the repetitive control increases with the
total number of support points of each controller. Meaning
that changing a system from a PI to a 2D repetitive PI
controller with a lookup table of the size of
n,, =4andn, or = 4 can increase the settling time up to

a factor of 16.

2. The controller should update each of the support points
consecutively within a full period to avoid disturbances.
Hence, that the number of support points may need to be
decreased when the angular velocity in either of the axes
increases.
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Fig. 7.: Simplified block diagram of the proposed 2D repetitive PI Control.



IV. TESTBENCH SETUP

The test setup consists of a signal processing system and
power electronics, which were specifically developed for
research purposes [17], [18]. The DUT and load machine used
are commercially available machines from Siemens with their
characteristics given in section B.

A. Power Converters and Signal Processing

The signal processing system of the testbench based on a
Xilinx Zynq 7030 [18]. To allow a fast adaptation of the
software to different test scenarios, the programming is
performed using MATLAB® Simulink Code generation. The
rotor angle is measured by a 10-bit incremental encoder, which
is operated with 4-fold evaluation, resulting in absolute angular
resolution of 12-bit.

The test bench runs at a switching and controller frequency
of 10 kHz. The DUT and load machine are powered by the two-
level IGBT ETI-EPSR shown in [17]. It features LEM LA 100-
P sensors for current measurement with an accuracy of 0.5 %.
The signals are recorded by a Texas Instruments THS1206 12-
bit AD converter with 1.5 MSPS per channel and averaged for
each switching period.

B. Device under test

The testbench is shown in fig. 8. It has two Siemens
1LE1592-1EB42-14AF4 SCIM as DUT and load. Both feature a
sensor for stator temperature monitoring. Rotor temperature
sensing is not provided.

Fig. 8.: Testbench of the Siemens 1LE1592-1EB42-1AF4.

The basic machine data according to the datasheet is given
in Table I [19]. It is used for parameterization of the proposed
repetitive PI control. The load machine is speed controlled by a
cascaded PI control using the same datasheet values. Fig. 9
shows the d-flux linkage of the DUT as published in [16].

igq in A

Fig. 9.: Rotor flux linkage in rotor flux orientation [16].

The d-flux linkage shows significant saturation, particularly
at d-currents above 20 A. It is assumed that the leakage flux is
approximately linear and thus the leakage inductances are not
significantly affected by saturation. As the controller parameters
are chosen in relation to the leakage inductances stable control
over the entire operating range is possible.

The feed-forward control based on the nonlinear current
model uses the identified flux linkage maps of [16] to calculate
the rotor flux. This improves the overall performance of the
system but is not generally necessary for operation. To enable
precise determination of the rotor flux angle y,,,, the nonlinear
current model utilizes the measured rotor time constant maps as
shown in Fig. 9.
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Fig. 9.: Measured rotor time constant based on transient
measurements [16].

Since the internal design of the DUT is not known, the
periodicity of the rotor had to be determined by additional
measurements. For this purpose, the dominant harmonics of the
rotor were identified in a voltage-controlled operation using 2D
FFTs of the currents. The 14th harmonic was identified as the
first dominant order for the rotor angle axis resulting in the same
periodicities as the FEA results shown in chapter I1.

TABLE 1. LINEAR CHARACTERISTICS OF THE DUT [19]
Symbol Meaning Value

Py Nominal power 22 kW
In Nominal current 45 A
ny Nominal speed 1500 rpm

p Pole pairs 2

Rg Stator resistance 154 mQ
Ry Rotor resistance 103 mQ
Lss Stator leakage inductance 2.5mH
Lgs Rotor leakage inductance 0.93 mH




V. MEASUREMENT RESULTS

All measurements were performed with the setup described
in section IV at 750 rpm and 10 kHz switching and controller
frequency.

Due to the symmetries of the used machine, the angular
range of the 2D repetitive controllers was chosen to 25.7° for yx
and 60° for y,; .. The number of grid points on the yg-axis is 6,
for the y,, -axis 14. According to the sampling theorem
compensation up to the 42" harmonic both axes is theroretically
possible.

For comparison, measurements were also carried out with a
PI control and a 1D repetitive control with identical controller
parameters. Along the y,,.-axis, the number of grid points for
the 1D repetitive control was set to 48 for an angular range of
180°. According to the sampling theorem, compensation up to
the 48" order is therefore theoretically possible. Due to the 1D
approach, no compensation along the yg-axis is possible.

A. No-load operation

Fig. 11 shows the amplitude spectrum of the measured stator
currents |Figs| and |Figg| for the different controllers. The
operating point is chosen to isq = 20 A and igq = 0 A at 750
rpm. At this operating point, the rotor frequency is zero, as no
load is present.
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Fig. 11.: Harmonic content of the stator currents at
isg = 20 A and isg =0 A of a 1D and 2D repetitive PI
control compared to a conventional PI control.

The spectrum clearly demonstrates the superior performance
of both repetitive control algorithms compared to the
conventional PI control. The stator harmonics, which are
periodic to the yg-axis can be filtered effectively by both
repetitive controllers. This is also reflected in total harmonic
distortion of the d-current. It improves for both repetitive control
algorithms by ATHD,, = 1.1 %. Due to the increased angular

range of the 1D repetitive control, slightly better performance
for low frequency harmonics can be observed.

As the rotor angle almost constant during operation, only
slight rotor harmonics are visible, which can be compensated by
the 2D controller. Overall, the 2D approach has no big
advantage over the 1D approach in this operating point. Above
the 42"¢ and 48™ harmonic no further damping of the current
harmonics is possible by the repetitive controllers, which is also
reflected in the spectrum.

B. On-load operation

The operating point for the on-load operation is chosen to
isq = Isq = 15 A. As this operating point produces torque, slip
is present and the rotor frequency is greater than zero.
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Fig. 12.: Harmonic content of the stator currents at igq =
isq = 15 A of a 1D and 2D repetitive PI control compared
to a conventional PI control.

Fig. 12 shows the amplitude spectrum of the measured stator
currents |Figs| and |Figs| for the different controllers. Again, the
spectrum shows a clear improvement for the repetitive
controllers. This is also evident in THD values given in Table II.

TABLE II. TOTAL HARMONIC DISTORTION AT ON LOAD OPERATION
Control Typ | THDy, — isq | THDy, — ig,
PI control 12.4% 119%
1D repetitive PI control 7.1% 10.7 %
2D repetitive PI control 5.4% 6.7 %

In contrast to the no-load operation, the THD values further
improve if a second dimension is added to the repetitive
controller. This is due to the rotor angle yr not being constant
for this operating point and the harmonics caused by the rotor
angle dependency are not periodic to the yyg-axis. Therefore,

damping is not possible for the 1D controller.



By adding the second dimension, the 2D repetitive control
can further reduce the harmonic content of the yg-axis, making
it a suitable solution for induction machines. As the rotor
harmonics are usually small compared to the stator harmonics, a
significant improvement in THD is possible even with the 1D
repetitive control. The spectrum also shows, that above the 42"
and 48" harmonic no further damping of the current harmonics
is possible by the repetitive controllers. By increasing the
switching and controller frequency or lowering the rotational
speed, higher harmonic orders could be compensated as well.

VI. CONCLUSION

This paper presents a novel 2D repetitive control technique.
The efficient and powerful design of the controller makes it easy
to use in various areas such as parameter identification and
reduction of torque harmonics. In addition, it can improve the
efficiency by eliminating the harmonic current components. The
superior performance of the presented controller has been
confirmed by testbench measurements and compared with a
conventional PI control and a 1D repetitive PI control.

The fundamental disadvantage of this approach is the
increased settling time. This effect is aggravated by the low rotor
frequency in the 2D approach. It was partly mitigated by
utilizing the machine symmetries. Nevertheless, the dynamics of
a simple PI controller can generally not be achieved with the
repetitive PI control approach.
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