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Dependence of the torque-rotor position characteristic from the
tape winding current
Abstract. The paper presents the results of numerical simulation of the torque motor with the novel active element representing the spirally wound
conducting tape. The torque-rotor position characteristic of this motor is calculated using Comsol Multiphysics software and the obtained results are
compared with the measurements on the experimental model of the torque motor with tape winding using the new methodology proposed.
Streszczenie. W artykule zaprezentowano wyniki symulacji numerycznej momentu silnika z nowym czynnym elementem w postaci spiralnej
nawiniętej taśmy. Rezultaty obliczeń porównano z wynikami eksperymentalnymi na podstawie modelu silnika. Zależność charakterystyki momentpozycja wirnika w nowym rozwiązaniu silnika ze spiralnie nawiniętym uzwojeniem
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Introduction
Permanent magnet torque motors have linear speedtorque and regulation characteristics, high operating speed,
reliability and durability, especially in severe operation
conditions. These advantages allow using permanent
magnet torque motors in low-powered direct drives. At
present, many companies are engaged in the development
and improvement of such motors [1, 2]. The history, current
state, main problems and solutions concerning torque
motors, are described in the works of Mikerov [3-5].
Theoretical principles which are common practice in the
operation of brushless DC torque motors are presented in
[6-8]. Unlike classical motors, direct drive motors possess a
modular structure consisting of two assemblies, namely
rotor and stator. A rotor in a typical torque motor is made of
high-coercivity rare-earth permanent magnets. A stator is
made of laminated steel stacked up to carry windings. Steel
laminations in stator can be slotted or slotless. A slotless
core is more appropriate for high precision systems, since
there is no cogging torque. In this design, permanent
magnet motors are manufactured by industry [9-11].
Nowadays, both magnetic circuits and windings are being
investigated in order to improve characteristics of torque
motors [12, 13].
In 2008, a novel type of the torque motor active element
was designed at Tomsk Polytechnic University. Thus, the
traditional winding was replaced by a tape winding [14].
Benefits from this active element include the novel design
and technological approach to the manufacture of the
stator; a possibility of high current load with the appropriate
heat removal; identification of desired functional
dependence between the torque and rotor rotation angle.
Martemyanov and Dolgih [14] suggested a limited angle
tape winding torque motor schematically presented in
Fig. 1 [14]. The rotor represents a multipolar permanent
magnet 1 connected to the magnetic core 2 via a nonmagnetic disk 3. The stator 4 represents an active element
comprising a spirally wound conducting tape coated with a
layer of insulating material. At both lateral edges of the tape
there are narrow transverse cuts arranged in turns. At each
turn of the tape winding, these cuts locate above and under
the similar cuts in underlying and overlying layers. These
cuts form side slots on conducting tape. The distance
between the adjacent slots corresponds to the polar pitch of
the magnet. A DC source is connected to the ends of the
wound tape.
The interaction between the quadrature current
components and the permanent magnetic field results in
forces, which, in turn, cause the torque moment. This

moment rotates the magnetic system relative to the tape
winding. Fig. 2 [14] presents a fragment of conducting tape.
According to this figure, the current I has two components,
namely: direct-axis component Il along the tape and
quadrature component It which crosses the tape in the
direction coinciding with the rotor rotation axis. Rectangles
N and S denote the magnet poles. The interaction between
the quadrature component It and the magnetic field induces
forces F acting on the magnet. The total action of these
forces causes the torque that tends to turn the magnetic
system relative to the stationary tape winding. The directaxis components Il induce forces P acting on suspension
supports from the side of the magnet.

Fig.1. Schematic view of limited angle torque motor

Fig.2. Schematic view of limited angle torque motor

The base parameters of the permanent torque motor
include the torque curve which indicates the dependence
T=f(I) between the developed torque and the current in
control winding and the torque-rotor position curve of T(α).
The torque curve is mostly linear [9, 11, 15, 16].
However, for the torque motor with tape winding [14] it may
distort due to the influence of increased current of the tape
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winding. This current creates a flux density that significantly
distorts the main magnetic flux of the motor.
The torque-rotor position characteristic allows us to
estimate the torque pulsation during the rotor rotation and
the distortion of the main magnetic flux.
The purpose of this paper is to calculate the torque-rotor
position characteristic in the motor with a novel active
element using Comsol Multiphysics software and compare
the obtained results with measurements on the
experimental model of the torque motor with tape winding
using the new methodology proposed.

Magnetic field of tape winding
The model of the tape winding torque motor is designed
in Comsol Multiphysics software. A parametric CAD
software application T-FLEX CAD is used to design a 3D
solid model of the torque motor presented in Fig. 4.

Motor torque
Dolgih et al. [17] indicated that the torque of the tape
winding motor is obtained from

r  U
T  B  av
  D( x, y, I 0 ).
I0
R

(1)

In [18] they showed that at large currents the flux
density depends on current B (I ).
If the motor torque is proportional to the winding current
and depends on the flux density in the air gap, Eq. (1) can
be written as
(2)

T  k2  I 

a)

m, n

 D( x, y, I 0 )  B ( I )ij .

i 1, j 1

Dolgih et al. [18] also suggested to divide the surface of
the tape winding under the pole into (m  n) subdomains. In
each ij subdomain the flux density is assumed to be
constant and equals the average value of

B ij

for the

given subdomain. At the same time, the double integral
value of D( x, y, I 0 )ij should also be detected for this
subdomain.
Numerical simulation
Magnetic field of the pack of plates
The numerical simulation is carried out using Comsol
Multiphysics software to show the curve distortion of the
tape winding motor torque in occurrence of high currents.
Figure 3 [18] illustrates the total current, which flows
through the pack comprising 50 plates equals to (50*50) A.
Numerical
calculations
show that
when
the
external magnetic field source is absent the magnetic field
creates at diagonal current flow through the pack of plates
as illustrated in Fig. 3 with red lines. The distribution of the
flux density normal components is also shown in Fig. 3 with
blue arrows [18].
Thus in this case, the generated magnetic field leads to
a significant distortion of the main magnetic flux.

b)
Fig.4. Parametric model of the torque motor: a - T-FLEX CAD 3D
model; b - schematic view

Figure 5 [18] shows the fragment of the tape winding
with the division into subdomains in which the flux density B
is identified. This method simulates the rotation of the
motor's magnetic system relative to the tape winding.

a)
b)
Fig.5. Schematic representation of the tape winding fragment: a –
subdomains; b – flux density distribution

Fig.3. Magnetic field distribution
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The distribution of the flux density is simulated
according to three variants shown in Fig. 5a [18].
Variant I: Current flows through the tape winding. The
magnetic circuit is absent.
Variant II: Current flows through the tape winding. The
rotor is made of ferromagnetic material, without permanent
magnets.
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Variant III: Current flows through the tape winding. The
rotor contains neodymium magnets and ferromagnetic
poles.
Tables 1 and 2 summarize values of the magnetic flux
density for the three variants and positions indicated in
Fig. 5a. According to these tables, the total current which
flows through the tape winding is 1250 and 2500 A,
respectively.
Table 1. Magnetic flux density, Itot = 1250 А
Pole position
1
2
3
I
0.002
0.008
0.013
By1, Т
II
0.068
0.083
0.099
III
-0.308
-0.301
-0.294
.
-5
I
-0.030
-0.013
2 10
.
-5
By2, Т
II
-0.073
-0.035
-5 10
III
-0.450
-0.421
-0.393
I
-0.023
-0.017
-0.013
By3, Т
II
-0.128
-0.114
-0.099
III
-0.503
-0.497
-0.491

4
0.017
0.114
-0.286
0.013
0.035
-0.365
-0.008
-0.084
-0.482

5
0.023
0.128
-0.278
0.030
0.073
-0.334
-0.002
-0.068
-0.473

Table 2. Magnetic flux density, Itot = 2500 А
Pole position
1
2
3
I
0.004
0.016
0.025
By1, Т
II
0.136
0.167
0.198
III
-0.233
-0.213
-0.197
.
-5
I
-0.059
-0.026
4 10
.
-4
By2, Т
II
-0.147
-0.071
-1 10
III
-0.514
-0.450
-0.394
I
-0.045
-0.095
-0.026
By3, Т
II
-0.257
-0.227
-0.199
III
-0.617
-0.601
-0.588

4
0.035
0.227
-0.182
0.027
0.071
-0.339
-0.016
-0.167
-0.570

5
0.045
0.256
-0.166
0.060
0.146
-0.276
-0.004
-0.136
-0.551

If the current does not flow through the tape winding, the
magnetic flux of the motor is uniform and the flux density is
about 0.4 T. If the current flows through the tape winding
(Variant III), the main magnetic flux distorts. Figure 6
presents the resulting density distributions 1 and 5 of
magnetic flux.

Fig.7. Torque-rotor position characteristics

Torque-rotor position characteristic for brushless DC torque
motor
The proposed idea can be readily used in a two-phase
brushless DC (BLDC) motor designed similar to the limited
angle torque motor (see Fig. 1) using two tape windings.
The cuts of the second tape winding are shifted relative to
the first tape winding by a half of the polar pitch.
In this variant, the torque combined characteristic has
no zero points. If the torque dependences of both windings
are identical and represent a combination of isosceles
triangles, the resulting motor torque is unchanged for each
of the rotor positions. Ideally, the torque pulsation is absent
(Fig. 8).

Fig.8. Two-phase BLDC motor torque V-shaped dependence
between the torque and rotor rotation angle

V-shaped dependence between the torque and rotor
rotation angle can be obtained with only two additional cuts
on each plate of the tape winding (Fig. 9).

a)
b)
Fig. 6. Resulting magnetic flux density: a – distribution 1; b –
distribution 5

The simulation results allow us to determine the
distribution of the flux density in the air gap. These results
can be obtained at different pole positions relative to tape
winding pack. We selected five such positions.
Torque-rotor position characteristic for limited angle
torque motor
According to Eq. (2), numerical simulations (Tables 1
and 2), and values of the double integral previously
obtained for each of selected subdomains of the tape
winding pack, we can derive the developed torques for the
five selected rotor positions. Figure 7 [18] plots
dependences between two values of the total current flows.
Curves 1 and 3 do not show the impact of control current,
which flows through the tape winding, whereas curves 2
and 4 indicate this impact.

Fig.9. Tape winding view with two additional cuts

In order to obtain V-shaped dependence, the tape
winding design was modified with two additional cuts in
each plate in the parametric T-FLEX CAD 3D model of the
torque motor shown in Fig. 4a. As a result of numerical
simulation described earlier in this paper, resulting torquerotor position curves are suggested with and without the
impact of the tape winding current (Fig. 10).
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Torque measurement technique
The experimental unit is designed to confirm the results
of numerical simulation. Its full view is illustrated in Fig. 11.
The unit comprises a tape winding torque motor with a
loading device, a power source, and a contact sensor which
detects the point where the motor torque equals the load
torque.

Figure 12a shows the process of the load torque
creation using a suspended calibrated weight, the thread
being connected with the rotor on the master arm. The load
torque enables the electrical contact between the rotor and
the base. The main model elements are illustrated in
Fig. 12b. Tape winding 1 is made of aluminum tape 0.07
mm thick with one side isolated with paper. The tape is
wound on a thin glass made of anodized aluminum. The
winding consists of 70 turns with four sections in each
which relate to the polar pitch. As can be seen from
Fig. 12b, the rotor magnetic system 2 consists of four pairs
of rare-earth permanent magnets. The real air gap is 20
mm. The flux density is 0.06 T. The rotor suspension
assembly 3 is made on ball bearings.

a)

a)

3
b)
Fig.10 Resulting torque-rotor position characteristics: a - without
the impact of tape winding current; b - with the impact of tape
winding current

1
2

b)
Fig.12 The torque motor model: a - load torque creation process; b
- main elements

The linear dependence of the developed torque allows
us to obtain a torque-rotor position characteristic at a
current of 1 A which flows through the tape winding. Figure
13 plots this characteristic for a single tape turn.

Fig.11. Experimental unit

The model of the torque motor presented in Fig. 12 is
placed on a dielectric base. The design is such to rotate the
stator around the rotor which is positioned relative to the
base due to the operating principle of the contact sensor.
To ensure the relative position of the stator and rotor, the
scale on the base is used. Once the stator is positioned, it is
fixed to the base with clamping screws. The torque
measurement technique is as follows. The tape winding
placed on the stator is supplied with direct current slowly
varying from zero to the value, when the contact sensor
responds. This means that the motor torque overcomes the
load torque. This current value is recorded and used to
determine the motor characteristics. In our experiment, the
current does not exceed 5 A.
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Fig.13. Experimental torque-rotor position characteristic

Conclusions
Based on the results, it can be concluded that despite
the similarity of the proposed torque motor with the
permanent magnet to motors used in practice, a particular

PRZEGLĄD ELEKTROTECHNICZNY, ISSN 0033-2097, R. 95 NR 9/2019

methodology and research tools should be developed. As a
first approximation, the static torque measurements were
carried out using the new method proposed. The torque
pulsation can be detected by the same method depending
on the rotor angle of rotation, however, the quality of the
experimental model should be improved. Measurements of
the conducting tape are not so difficult. Particular attention
should be paid to a possible Hall effect which can modify
the behavior of line currents in the tape winding, thereby
changing the double integral and torque values. The
suggested numerical model does not describe the Hall
effect. Therefore, a highly sensitive experimental model
should be developed to compare experimental data and
numerical calculations with the use of correction factors.
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