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Minimising of electromagnetic torque ripple of reluctance

stepper motor

Streszczenie. Reluktancyjne silniki krokowe sa powszechnie wykorzystywane w wielu aplikacjach przemystowych, jednakze ze wzgledu na
specyficzng budowe i niezrbwnowazone zasilanie faz silnika sg one narazone na duze tetnienia momentu. To z kolei moze spowodowaé duze
wibracje na obcigzeniu, szczegoélnie w systemach z elastycznymi elementami. Artykut prezentuje modyfikacje napiecia sterujgcego, uwzgledniajgc
wartosci indukcyjnosci kolejno zasilanych faz silnika. Pole elektromagnetyczne modelu zostato rozwigzane metodg elementéw skoriczonych.

Abstract. Reluctance stepper motors are commonly used in many cost-sensitive industrial and consumer applications, however they are affected by
a large torque ripple, due to construction and phase unbalancing. This, in turn, may cause large vibrations on the load, especially in those systems
with flexible elements. This research presents a technique of dynamics improvement by modification of voltage control signal of the variable
reluctance stepper motor. The problem is solved by the electromagnetic field modeling using the time — stepping finite element method.
Minimalizacja tetnien momentu elektromagnetycznego reluktancyjnego silnika krokowego.
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Introduction

Reluctance stepper motors could achieve a very high
resolution in positioning of mechanical loads, but torque
ripple phenomenon is detrimental to the dynamics of the
motor. It has been proposed many solutions with sensors
signal feedback in order to solve this problem, however it is
not always possible to accommodate a new position sensor
on an existing mechanical system [1, 5,10]. This research
presents a technique of dynamics improvement by
modification of voltage control signal of the variable
reluctance stepper motor. The authors present simulation
results of reluctance stepper motors with a Torque
Distribution Function in order to reduce torque ripple [1].
This control system can be easily fitted into existing
systems, without any major modifications.

High performance motor drive applications require
smooth torque with minimum torque ripple. This paper is
focused on identifying voltage excitation associated with
inductance functions on torque ripple. A modeling method
and a numerical simulation of the two-phased unipolar
variable reluctance stepper motor is presented (Figure 1).

Time stepping finite element approximation is applied to
calculate the coupled field — circuit problem [2, 12]. Circuit
equations are coupled with field equations creating one
global system of non-symmetric equations. The mechanical
motion of the rotor is determined by solving the second
order differential motion equation. The magnetic torque is
calculated by the Maxwell stress tensor [3, 4, 6].
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Fig. 1. Full 3D mesh of the reluctance stepper motor
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Table 1. The main parameters of the reluctance stepper motor

motor parameters Value [unit]
Nominal step 6nom 1.8 [degree]
Outer diameter of stator 39 [mm]
Inner diameter of stator 34 [mm]
Outer diameter of rotor 29.96 [mm]
Inner diameter of rotor 18 [mm]

Air gap width 0.02 [mm]
Motor length 30 [mm]
Rotor inertia 8.5 [gcm?]
Friction 10° [Nms]

Modeling technique

The electromagnetic device is fed by voltage sources.
The equations that describe electric circuits is considered
as [8]:
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where: u(t) — represents coil voltage, R — coil resistance

and i(z) — coil current. Equations that describe the magnetic
field are constructed as the following boundary value
problem [9]:
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Electric circuit equations (1) and (2) can be suitable coupled

with field equations (3). This approach leads to construct a
following system of linear equations:
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The displacement of the rotor can be assumed as a one
degree of freedom motion problem which is performed
along axis ¢.
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where: J is a rotor inertia, b is a damping coefficient. The
discrete form of the system of equations (5) is obtained
using Eulers recurrence method.

Fig. 2. Electromagnetic field distribution of the motor

At each time step, the global torque is calculated using the
Maxwell stress method [3, 4, 6]. The force is evaluated
along a surface in the air-gap around the rotor. The torque
is obtained from the relationship:

(6) T={{rxPjds
N

where: r is the position vector of the integration contour, P
denotes the stress component defined around the rotor, dS
is a surface segment.

Only z-component of the torque T = [0 0 T]T is taken
into consideration.
Experiment

This approach to torque distribution is readily applicable
to the model based on flux linkage due to the fact that there

are no dynamics involved in the relationship between the
phase currents and flux linkage.
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Fig. 3. Phase inductances in the analysed model

The data required for this procedure are the flux linkage
versus stator excitation currents for discrete positions of the
rotor. The inductance profiles of discussed motor has been

calculated in distributed parameters model and is shown in
Figure 3.

In stepper motor control strategies, each phase winding
is excited separately in the rising slope of the inductance for
the positive torque, and in the falling slope for the negative
torque (Figure 4) [11]. This approach has become the
output for further analysis in this paper. The torque
distribution as a function of time is presented in Figure 5.
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Fig. 4. Sequence voltage excitation of motor phases
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Fig. 5. Torque characteristic of stepper motor

During the commutation of one phase and initiation of
another phase, the current flows in two phases. If the
current is not controlled in the outgoing phase and only
controlled in the incoming phase, the sum of the airgap
torque contributed by only controlled in the incoming phase
during this interval need not be a constant. The resultant
torque usually has a through during this communication
interval that increases the torque ripple [1].

A number of techniques have been presented in the
literature to overcome some of the problems facing the
torque control [1, 13]. In this paper the TDF method is used
neglecting mutual inductance and saturation. Working
based on these assumptions, the torque command will be
divided into two parts, one for the incoming phase (phase x)
and another for outgoing phase (phase y). The TDF Il
developed by Krishnan is used to calculate accurate phases
excitations depended on inductances curves into torque
communication interval. The total airgap torque can be
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distributed to x and y, the two conducting phases of the
machine [1].
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where: T, — total torque, T, — phase x torque, T, — phase y
torque, L,— phase x inductance, L,— phase y inductance, 6 —
rotor position, i,— phase x current, i,— phase y current.

The voltage excitation function can be determined based on
many criteria, such as: minimum peak current, minimum
stator loss, minimum rotor displacement oscillations, etc [1,
11, 13].

In this paper the voltage excitation satisfying minimum
torque ripple are determined by numerical method. The
voltage excitation signal was modified in the interval of
communication (Equation 9)

+0

1
9) nl,,, +0<0< (n + 2)9,,0,”
where: 6,,, — nominal step (1.8 degree), 8 — actual rotor
position, - constant (offset depend on load), n € <1;199>

In ranges defined by Equation 9, the excitation has be
calculated on the basis of a function of inductance power
bands.
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In this model of control excitation of succeeding coils
reflects distribution of inductance (Figure 6 and Figure 3).
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Fig. 6. Modified voltage excitations of motor phases

Rapid changes in the direction of the torque are
detrimental to the dynamics of the motor step response.
The approach presented in this paper has its justification in
the case of high-speed control. Figure 8 presents
displacements simulated for two cases: the classic
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excitation (Figure 4) and the modified one with
parameter 6=0.3 [degree]. The results show that torque
ripple decrease caused a reduction in in motor
displacement oscillations. It is worth emphasizing the fact
that the proper selection of parameter & is crucial. If
parameter 6 will be too small, then the motor will have
worse dynamics. If, in turn, is too large, the reluctance
stepper motor will have the momentary state of unstable.
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Fig. 7. Torque characteristic for modified model of control
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Fig. 8. Comparison of the rotor displacement characteristic

Conclusions

There are various causes responsible for producing
torque ripple in a reluctance stepper motor. The contributors
of these undesirable effects may be categorized as those
contributed from the motor and those from the electronic
controller [1, 7]. This paper presented the theoretical
analysis and numerical verification of a voltage drive control
scheme for a two-phase unipolar reluctance stepper motor.
For rectangular voltage excitations, it can be seen that the
motoring torque is produced for a short duration in pulsed
form, resulting in a large torque ripple. This can create
problems of increased audible noise, fatigue of the shaft,
and possible speed and displacement oscillations. The
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torque ripples are minimized by designing the machine such
that the inductance profiles of two succeeding phases
overlap each other with a constant shift. An alternative
technique to reduce torque ripple can be change the shape
of the excitation in communication interval. The model
ignores saturation, so the inductances in the stepper motor
phases are only depend on rotor position and not the
excitation currents. The electromagnetic torque can then be
calculated if the angular movement is known from the
mechanical work. This approach works particularly when we
want to achieve maximum motor speed in complying with
the level of displacement oscillation.
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