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Abstract. The paper presents the numerical and experimental studies of the influence of the torque motor
active element on the motor's torque. The tape active element is a novel type of a motor's stator
organization, where the conventional winding is replaced by a tape winding. The force (torque) dependence
over the rotor pole position using COMSOL is given; the tape winding resistance and the turns number are
defined. The relative motor's characteristics are investigated and the maximum torque over the certain poles
pair number is obtained. The application of the proposed active element in brushless DC motor is
considered. The results show the possibility of the further synthesis of the torque motor.

1 Introduction
The advantages of torque motors allow using them in the
direct drive development. This is confirmed by the fact
that, at present, many companies develop and improve
such motors. The history of the torque motors
development and the problems of their improvement in
details are described in the works of Alexander Mikerov
[1, 2]. Theoretical principles of the widespread brushless
permanent magnet motors are given in the majority of
known sources, for example [3-5]. Nowadays, in order to
improve the torque motors characteristics, both magnetic
circuits and windings are being investigated [6, 7].
The particular attention is paid to the thermal mode
of the motor operation, since a high temperature can
destroy the winding and degrade the permanent magnets
properties. The increased temperature during the
operation is caused by the large current flowing through
the windings. The motor overheating reduction can be
achieved by its intensive cooling. The fan application
connected to the rotor is not rational due to the low
rotation speed. Therefore, in some cases, liquid cooling
is used. For example, RIB torque motors [8] are slotted,
permanent magnet direct drive motors with an internal
rotor. The primary part is a fully cast stator with external
liquid cooling. On the outer stator surface there are ring
canals. TMB motors [9] also contain a canal structure
with a cage for water cooling. However, this cooling
method is difficult to use when the torque motor
represents a part of a system located on the moving
objects. In this situation, the torque motor, whose stator
active element is a multilayer winding from a conductive
tape with side cuts, is preferable [10].
The benefits of this active element include the novel
design and technological approach to the motor stator
manufacture; the possibility of high current load with a
good heat removal; the formation of required functional
dependence of the motor’s torque over the angular
movement.
*

The active element presents a set of serially
connected plates, through which the current flows in the
diagonal direction. The current transverse components
interact with the magnetic field of the rotor poles and
create a torque. The length of each plate a is equal to the
pole division τ of the motor magnetic circuit. Diagonal
character of current, flowing on each plate, is provided
by the side cuts, located from the each tape side with a
pole division pitch [11].
The purpose of this work is to show the influence of
the active element characteristics on the motor's torque.

2 The active element characteristics
2.1 Torque dependence
The character of current flowing through the active
element is distributed. The force F acts on the rotor pole
and depends on the flux density B, the tape thickness Δ
and the double integral from the distributed current
density [12]:

F = B⋅Δ⋅

 j( x, y)dxdy.

(1)

This force can be determined numerically using
COMSOL software [11, 12].
Generally, the force dependence F(x) over the
relative position of plate and rotor pole has the form
shown in Figure 1. Accordingly, the torque dependence
T over the rotor angular position α will also be displayed
in the same way.
The character of the resulting dependence M(α) in
many practical cases is unacceptable. For the required
dependence, it is proposed to apply the additional side
cuts along with the main ones. An example of this
method is shown in Figure 2.
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xc, will be denoted by D. The value of this integral is
determined by passing through the plate the current I0.

Fig. 1. The force dependence over the rotor pole position.

a)

Fig. 2. The required force dependence using the additional side
cuts.

The particular interest represents "the triangular"
torque dependence over the angular position. This
dependence can be realized with only two additional cuts
on each plate (Fig. 3a). Figure 3b shows the dependence
of the double integral D(x) over the plate length. The
double integral is taken from the expression (1).

b)
Fig. 3. "The triangular" torque dependence.

2.2 Plate resistance

R,
x10-4 Ω
6

During the numerical simulation of the proposed active
element, it was found that the resistance of a single plate
depends on the ratio of its length a and width b. Varying
this ratio β = a / b , a certain minimum resistance value is
observed (Fig. 4). The parameter βe=be/b is the relative
electrode width, where be is the tape section size,
remaining after the cut.
Besides, the plate resistance is defined
experimentally using thin aluminum tape with the
following geometrical parameters: b=0,05 m; βe=0,2;
Δ=0,0007 m. The results are shown in Figure 5.
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Fig. 4. The dependence of the plate resistance over the ratio of
its length and width.

Let us suppose that the number of winding turns N is
small, and the plates geometry in all layers is almost
similar. Then the each plate resistance R will be
permanent. Also, suppose that the magnetic flux density
is uniform.
As shown earlier, the force acting on one plate is
defined as:
F = Δ ⋅ B ⋅ D(I 0 , xc ).

βe=0,2

4

The current flowing through the tape winding
depends on the source voltage U, the plate active
resistance R, the number of poles pairs p, the number of
winding turns N:

I=

(2)

U
.
2p⋅ N ⋅R

(3)

Since the force is determined by the double integral
D, which depends linearly on the current, let us write the
expression for the force in the following form:

Further, for simplicity, the double integral D(I0,xc)
over the area, bounded by the magnetic flux density
action and with the center determined by the coordinate
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F = Δ⋅B⋅

U
⋅ D.
2 p ⋅ N ⋅ R ⋅ I0

(4)
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Fig. 5. The experimental dependence of the plate resistance
over the ratio of its length and width.

The motor's torque is equal to the sum of the torques,
created by each plate of all winding layers. The winding
average radius is defined as:

rav = r0 +

N ⋅Δ
,
2

(8)

In this case, M1, B1, R1, D1 characterize the motor
with one poles pair p=1; Mi, Bi, Ri, Di characterize the
motor with poles pairs number p=i.
Firstly, we will only take into account the parameters
characterizing the winding. There are the plates
resistance and the double integrals of the distributed
currents. For their determination the winding numerical
models with the average radius range rav=0,025÷0,075 m
are created in the COMSOL software. The tape width b
= 0,05 m and 0,025 m; the tape thickness Δ = 10-4 m; the
tape material is a copper.
The coefficient of pole overlap is αp=0,5. The pole
center position is at the point xс=0,25∙ai, where the plate
length a is equal to the pole division (a=τ). The graphs
of the resistances ratio R1/Ri over the pole pairs are
shown in Figure 6. The graphs correspond to the case
rav=0,027 m and b =0,025 m.

R, x10-3 Ω

2.5

M i Bi R1 Di
=
⋅ ⋅ .
M 1 B1 Ri D1

(5)

where r0 is the tubular base radius on which the tape is
wound.
In this case, the torque is determined as follows:
T = 2 p ⋅ N ⋅ F ⋅ rav = Δ ⋅ B ⋅

U
N ⋅Δ 

⋅ D ⋅  r0 +
. (6)
2 
R ⋅ I0


Let us estimate the influence of the number of
winding turns on the developed torque value. On the one
hand, the number of plates increasing should lead to the
torque growth. On the other hand, the total tape winding
resistance will increase by the same amount, and
consequently the current will decrease. In this case, the
number of winding turns does not affect the torque
value.
The torque change due to the average winding radius
increase is insignificant. But at the same time, a smaller
number of winding turns will decrease magnetic circuit
air gap and lead to the growth of the flux density B.
When defining the minimum value of N, it is necessary
to proceed from the possibilities of both the power
source and the winding heat resistance. The number of
turns must be minimal and is determined by a permitted
current:
N≥

U
.
2 p ⋅ R ⋅ I perm

Fig. 6. The character of relative resistances changing.

For other considered variants of tape winding, the
characters of relative resistances changing are preserved.
Their maximum values are in the range of the poles pairs
number р= 4÷6. Figure 7 shows the dependencies of the
calculated double integrals values for the tape winding
with the parameters given above.

(7)
Fig. 7. Relative double integral values changing.

As seen from the graphs (Fig. 7), the double integral
value D varies insignificantly with the change in the
number of pole pairs, especially for small βe. Therefore,
we can conclude that the main effect on the motor's

2.4 Relative characteristics
Let us introduce the concept of the relative torque to
determine the number of magnetic circuit poles pairs
and, correspondingly, the winding parameters at which
the maximum torque is observed.
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torque growth exerts the active resistance of the winding
plates.
Since the aim of this work is not to define the
magnetic circuit optimum parameters, a simple
parametric model of the motor was constructed in T-flex
CAD with the possibility of changing the poles pairs
number and the air gap size (Fig. 8).

The power consumed by the motor is determined by
the expression:

P=

U2
.
2p ⋅ R⋅ N

(9)

Similarly to the previous calculations, let us
introduce a concept of the relative power consumption:
kp =

Pi
R
1 R 
= 1 = ⋅  1 .
P1 p ⋅ Ri
p  Ri 

(10)

The results of calculations for tape winding with the
given earlier parameters are shown by the graphs in
Figure 11.

Fig. 8. The model of torque motor magnetic circuit.

Figure 9 shows the flux density changing in the air
gap of the investigated magnetic circuit. The air gap δ
varied from 3 to 7 mm.

Fig. 11. The relative power consumption over the different
poles pairs number.

In practical work, the static Q-factor [13], as the
torque motor characteristic, is of interest

Q=

M
m ⋅ P 0, 5

.

(11)

The relative static Q-factor kQ(p) was estimated,
taking into account the assumption that the motor mass
m increases insignificantly with the increase in the
number of poles pairs. The results of the calculations are
reflected by the graphs in Figure 12.

Fig. 9. The flux density changing in the air gap over the
different poles pairs number.

Analyzing the obtained results, the maximum torque
for the tape winding model of the selected geometric
parameters will be observed with the poles pairs number
in the range from p = 4 to p = 6. The relative torque
dependence kT(p) is shown in Figure 10.

Fig. 12. The relative static Q-factor.

The numerical simulation results show that the torque
motor optimum parameters will be observed with the
poles pairs numbers from p = 4 to p = 6, with the given
geometric parameters of the tape winding.

Fig. 10. The relative torque over the different poles pairs
number.
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3 Results and discussion

implemented on the inductive sensor and its rotor is
made as a disk of ferromagnetic material of the
appropriate shape. RPS switches the signal between the
tape windings. If it is necessary to change the direction
of rotation, as well as the sign of the torque, the tape
winding current should flow in an opposite direction.
This can be done by the reverse block of the BR, where
the signal from RPS is reversed.

As a result of this work, the force (torque) dependence
and the variants of the required torque dependence
implementation are shown. The resistance of the tape
winding single plate has a minimum value at the certain
ratio of the plate length and width. The number of
winding turns does not influence the motor's torque. The
analysis of the relative motor's characteristics is carried
out. The maximum torque is observed at a certain
number of poles pairs. The obtained results allow
making the synthesis of the proposed torque motor.
Also, it is important to consider the application of the
proposed active element in electromechanical devices.
The two-phase brushless DC (BLDC) motor can be
realized using two tape windings. The cuts of the second
tape winding should be shifted relative to the first tape
winding by half of the pole division [14].
In this variant, the torque combined characteristic
will not have zero points. If the torque dependencies of
both windings are identical and represent a combination
of isosceles triangles, the resulting motor's torque will be
unchanged for all rotor positions. Ideally, the torque
ripple will be absent (Fig. 13).

4 Conclusion
The results of the work show the influence of the
characteristics of the proposed active element on the
motor's torque and allow continuing the research. At
present time, the numerical simulations of torque
pulsations with the different current values flowing
through the set of two tape windings are being realized.
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