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Abstract. The electromechanical integrated toroidal drive is a new drive system. For the control of the drive,
the torque fluctuation and the steady-state errors should be removed and the fast response to the input change
should be achieved. In this paper, the torque fluctuation of the drive system is analyzed and expressed as Fourier
series forms. The transfer function of the torque control for the drive system is derived from its electromechanical
coupled dynamic equations. A 2-DOF control method is used to control the drive system. Using definite parameter
relationship of the 2-DOF control system, the steady errors of the torque control for the drive system is removed.
Influences of the drive parameters on the control system are investigated. Using proper drive parameters, the
response time of the control system is reduced and the quick torque response of the drive system is realized. Using
a compensated input voltage, the torque fluctuation of the drive system is removed as well. The compensated input
voltage can be obtained from the torque fluctuation equation and the transfer function. These research results are
useful for designing control system of the new drive.
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1. Introduction

Toroidal drive can transmit large torque in a small size. They are suitable for applications in aviation
and space flight fields. Some countries have been developing the drive for several years (Kuehnle 1996,
Kuehnle, ef al. 1981, Peeken, et al. 1984, Tooten 1985, Kuehnle 1999). As more electrical and control
techniques are utilized in mechanical engineering fields, generalized composite drives will find new
applications in advanced mechanical science. Electromagnetic harmonic drives (Delin and Huamin 1993)
and piezoelectric harmonic ones (Barth 2000) are active drives in which the mesh between the flexible
gear and the rigid gear are controlled by electromagnetic forces or piezoelectric forces. In the two
drives, the drive and power are integrated.

Based on recent research (Xu and Huang 2003, Xu 2004), the authors develop a new electromechanical
integrated toroidal drive which integrates control, power and toroidal drive (Xu and Huang 2005, Xu
2006).

The drive shown in Fig. 1 consists of four basic elements: (1) radially positioned planets; (2) the
central worm; (3) a toroidal shaped stator; and (4) a rotor, which forms the central output shaft upon
which the planets are mounted. The central worm is fixed. Coils are mounted in helical grooves of its
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surface. The planets have permanent magnets instead of teeth. The N and S pole permanent magnets are
mounted alternately on each planet. The stator has helical permanent magnets instead of helical teeth.
In a same manner as the planet, the N and S pole helical permanent magnets are mounted alternately on
the stator.

When a specific relationship is realized among the drive parameters, the N pole of one element will
correspond to the S pole of the other elements. When the alternating voltage source is connected to the
coils of the worm, a toroidal circular electromagnetic field is formed. It drives the several planets to
rotate about their own axes. The magnetic forces between the teeth of the planet and stator cause the
rotor to rotate about its own axis. Thus, the output power with a large torque at low speed is generated.

Compared with the toroidal drive, the new drive is easy to produce, is without wear, and does not
need lubrication. It can be substituted for a servo system to simplify the structure of an existing
electromechanical system. Besides the aforesaid fields that require compactness, the drive can be used
with robots and in other fields that require accurate control.

Authors investigated the torques for the new drive (Xu and Huang 2005) and its control method under
steady operating load (Xu 2006). As noted above, the drive can be used with robots and in other fields
that require accurate control. The loads applied to the drive are complicated under certain conditions.
Thus, for the control of the drive system, the rejection of disturbances and the fast response to the input
change should be met simultaneously. For this, a two-degree-of-freedom(2-DOF) control system can be
used. Many results about 2-DOF control of the electromechanical system can be found in the literature
over the last twenty years. Liaw proposed a 2-DOF controller to improve control performance of the
motor servo system (Liaw, et al. 1993, Lin, et al. 1995). Astrom and Hagglund proposed to design 2-
DOF PID controllers with the maximum sensitivity of the closed loop (Astrom and Hagglund 1995).
Taguchi and Araki tune 2-DOF PID control system in two steps based on the minimization of frequency
response indices (Taguchi and Araki 1999). Raymond Gorez studied parameter design relations for 2-
DOF control system (Gorez 2003). In references (Liaw and Lin 1995), 2-DOF control methods are
combined with fuzzy control. In general, 2-DOF controls about the motor drive system have been investigated
widely. However, when the 2-DOF control system is used in the electromechanical integrated toroidal
drive, it should be noticed that there are three obvious differences between 2-DOF controls of the motor
drive and the electromechanical integrated toroidal drive:

(1) The electromechanical integrated toroidal drive is an electromechanical integrated system. In
operation of the drive system, the meshing tooth pair number between planet and stator or
worm is variable. So, under the stable voltage, the output torque of the drive system will be
variable as well. Therefore, the torque fluctuation in the drive system should be investigated
and removed by control system.

(2) There are some essential differences between transfer functions of the motor drive and the
electromechanical integrated toroidal drive. For the motor drive, the input voltage is connected
to stator coils; for the new drive, the input voltage is connected to worm coils. For the motor,
the output is the speed of the rotor which is identical to speed of rotating magnetic field; for
the new drive, the output is also the speed of the rotor which is different from speed of rotat-
ing magnetic field. The output speed multiplied by speed ratio equals to the speed of rotating
magnetic field. Hence, for the new drive, the output speed is low and the output torque is
large. It is just the advantage of the new system over standard motor. Hence, the transfer
function of the new drive system is affected by more factors such as pole pair number, turn
number of the worm coils, tooth number of the planet and planet number, tooth number of the
stator, planet radius, center distance between the planet and worm, etc. Influences of these
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factors on the control performance of the drive system should be investigated as well. There-
fore, another main task of the paper is transforming control function for the complicated sys-
tem into a simple standard form.

(3) As stated above, in operation of the drive system, the torque fluctuation occurs. Removing the
torque fluctuation, the rejection of disturbances and the fast response to the input change
should be done simultaneously. Hence, a 2-DOF control method should be combined with a
control method removing the torque fluctuation.

In this paper, for favoring control analysis, the torque fluctuation is analyzed and expressed as Fourier
series forms. From the electromechanical coupled dynamic equations, the transfer function of the
torque control for the drive system is derived in which more affecting factors are included. First, a
single DOF control model of the drive system is presented. By the control model, the total close-loop
responses of the drive system to the step, ramp and accelerating inputs are presented. Results show that
the steady-state errors in the responses and the torque fluctuations occur. In order to remove the steady-
state errors, a double DOF control model is used in the new drive system. By the double DOF control
model, the steady-state errors in the responses are removed. Besides this, a compensated input voltage
is added and combined with the 2-DOF control method. The responses of the drive system to the torque
fluctuation are removed, the rejection of disturbances and the fast response to the input change are
obtained simultaneously as well. Influences of the related parameters on the control performance of the
drive system are investigated as well. These research results are useful for the application of the drive
system.

2. Torque fluctuation

From reference (Xu and Huang 2005), the output torque 7, of the new drive is given as below

T, = 1kvquF2dAg(2p +ZO) Z 1 (1)

2 fdN z, /4~ 2 (a 2
1+4—2 I—efcos¢1
/4

where £k, is distributed winding coefficient, ¢ is coil number per polar on worm, R is radius of the planet,
a is center distance of the drive, ¢, is rotating angle of the planet, /7, is magnetic potential, F, = Ni;, N is
turn number of the coils, i; is current intensity, A, is air gap magnetic conductance, ¢ is relative
displacement between two sides of the air gap, z, is teeth number on part planet enveloped by worm, z;
is tooth number of the planet, z, is tooth number of the stator, p is pole pair number of the worm coils.

The meshing tooth pair number is variable in operation of the drive. The fluctuation of the meshing
tooth pair number causes fluctuation of the output torque. Eq. (1) can be used to calculate output torques and
their fluctuations as shown in Fig. 2. The values of the parameters used in calculations are presented as
shown in Table 1.

Under condition of the asynchronous mounting, torque fluctuation along with rotating angle ¢, of the
planet is shown in Fig. 2(a). Under condition of the synchronous mounting, torque fluctuation in Fig.
2(b). From Fig. 2 it is known: the torque fluctuation under asynchronous mounting is smaller than that
under synchronous mounting.
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(a) Model machine of the drive (b) Mechanical drawing of the drive

Fig. 1 The electromechanical integrated toroidal drive

Table 1 Parameters for example drive

q (coil number per polar)

k, (distributed winding coefficient)
R (planet radius)

a/R (ratio)

By (magnetic induction intensity)
Mo (magnetic conductivity of free space)
O (airgap thickness)

N (turn number of the coils)

iy (current intensity)

z; (tooth number of the planet)

zy (tooth number of the stator)

m (planet number)

p (pole pair number)

30 mm

2
1T

0.47 % 10°H/m
1 mm

100
9A
8
30
4
1

Above torque fluctuation can be calculated as below

T oo 0<¢ <5’
T, =9T.. 5°< ¢ <T°-5°
T oax T°-5°< ¢, <T°

2
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where T, and Ty, are the maximum output torque and the minimum output torque, respectively. 7° is
rotating angle period of the planet.
Under the load, the output torque is balanced by load torque T}, thus

T - 10°+ T - (T° = 10°
7’} — max min ( ) (3)
TO

From Egs. (2) and (3), the torque fluctuation can be expressed as

T . o
2% _ 1 =AT, 0<¢ <5
T

T Tmin T o 0 o

AT = - —1=AT 5°< ¢, < T°-5 (4)
J
Tmax T 0 o 0
T—IZATI T"-5<¢,<T

J

In order to favor analysis, the torque fluctuation can be expressed as series form. From Fig. 2, it is
known that the torque fluctuation function is even function. Hence, the torque fluctuation can be given as

AT(t) = ay+ > a,cosna,t (5)

n=1

Here, the coefficient a, can be calculated as below

T T T
I 2 37 2( Ty 7 2 AT )
a, = = [~ AT(t)dt = = [*AT(t)dt = =| [ AT\ (t)dt+ [- AT»(¢t)dt) = 0 6
o = AT = 3 LaTwdn = ([T ywdr + [ aTu(o) (6)
23 AT, — AT
a, = —_[2 AT(t)cosnw, tdt = ———"Zsinnw, T, (7
T ,g nr
20— 240
195F § 230}
190} ] 20l
1851 210}
— 180}
E £ 200}
Z 175} z
= 170} = 19T
1651 180}
160} 1 1701
1551 | 160}
005 10 15 20 25 30 35 40 45 005 10 15 20 25 30 35 40 45
(°) ()
(@) (b)

Fig. 2 The output torque fluctuation of the drive
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Fig. 3 Comparisom between the calculating and real torque fluctuations

where 7'is time period of the speed fluctuation, 7= %, @y is steady speed of the rotor, 7} is mutational
point of the torque, 7| = 7/36 ;. 0

From Eq. (7), the change of the coefficient for Fourier series along with its term number is obtained
as shown in Fig. 3(a). Fig. 3(a) shows that after the number of the terms of Fourier series is taken as
n = 45, the coefficient will get to so small that they can be neglected. Hence, by Egs. (5)-(7), the torque
fluctuation are calculated and compared with real torque fluctuations as shown in Fig. 3(b)(here,
n = 45). In Fig. 3(b), the broken curves show results calculated by Egs. (5)-(7) and the solid lines shows
the real torque fluctuations. From Fig. 3(b), it is known that the results given by Eqgs. (5)-(7) are in good
agreement with the real torque fluctuation.

3. Single DOF control model
The differential equations of the worm coils are as follows (Herbert, et al. 1968)
) di
v, = R, + (Ly+ Lycos Q)E ®)
where vy, i and R are voltage, current intensity, and resistance of the ith phase worm coils, respectively.
Here, L, is average value of self-inductance coefficient of the worm coils, L, is second harmonic

amplitude of self-inductance coefficient of the worm coils.
From Eq. (1), the output torque 7, can be simplified as

T, = ki 9
: + i
where k, = lkV RNZ%(zp ZO) 1
2 d¢
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Under the saturation of the magnetic circuit, the magnetic flux ¢ does not change with changing
current, it can be given as

¢ = NigA,

where i, is saturation current.
Thus, the magnetic energy stored W can be calculated as below

W, = i,Ng

Therefore, the magnetic force F across the air gap is

F =D 8
i d¢

From above equation, it is known that a linear relationship between force F and the current i is given.
Substituting the force into the torque formula (Xu and Huang 2005), yields

T, = ki, (10)
where k, = kvquNziOd—Ag(zp +Z°) Z !
¢y z, /4~ 2 >
1+ —1(2 - cos¢)
2\R !
4p

As the drive operates normally under rated load, the magnetic circuit is under saturation condition.
Hence, the torque control of the drive under the saturation of the magnetic circuit becomes the principal
task for the control of the drive system. Therefore, in following analysis, a linear relationship between
torque 7, and the current i is used.

From Egs. (8) and (10), following equation can be obtained

k,vs=Rs-Tn+(L0+chost9)-T,: (11)

From Eq. (11), the torque transfer function of the drive system is given as

)k _ K
Gr(s) = vi(s) L,-s+R, 71-s+1 (12)

k
where L, = L,+ L, cos@ and R, = R, ristime constant, 7= 1%, K is transfer function gain, K = ITf,
the factors such as pole pair number, turn number of the worm coils, tooth number of the planet and
planet number, tooth number of the stator, planet radius, center distance between the planet and worm,
etc. are just included in the parameter K.

The feedback control model of the drive without controller is shown in Fig. 4. The responses of the
drive system to unit step voltage, ramp voltage, accelerating voltage and torque fluctuation are
presented, respectively, as shown in Fig. S(here, L, = L, = 107 H, R, =1.5Q).

Figs. 5(a), (b) and (c) show the responses of the drive system to the step, ramp, and accelerating input



122 Lizhong Xu and Xin Liu
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Fig. 4 Feedback control model of the drive without controller
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Fig. 5 The responses of the drive system to voltage inputs and torque fluctuation

voltage under the condition that the torque fluctuation is not considered. Fig. 5(d) shows response of the
drive system to the torque fluctuation. Figs. 5(a), (b) and (c¢) are superposed with Fig. 5(d), respectively,
and then Figs. 6(a), (b) and (c) are obtained, respectively. Hence, Fig. 6 shows the total responses of the
drive system to input voltage and torque fluctuation.

From Figs. 5 and 6, it is known that the steady-state errors in the responses of the drive system to the
step, ramp, and accelerating input are quite large and the output torque fluctuation occurs as well.
Besides this, it is also found that the drive system is an overdamping system and the torque responses
are quite slow.
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Fig. 6 The total responses of the drive system to voltage excitations and torque fluctuation

In order that the drive system can be used with robots in which an accurate control is required, the
fluctuation of the torque and the steady-state errors should be removed, and the quick control of the
torque should be obtained. Therefore, for the new drive system, an effective control system should be
investigated.

4. Double DOF control model

A double DOF control model is used to improve the torque control. Fig. 7 shows the structure of the
control system, refined by the controllers.

In Fig. 7, T is the output torque of the rotor, v; is the input control voltage, D is disturbing input, &V is
noise input, Gz(s) is the transfer function of the drive system shown as Eq. (12), G.((s) is the transfer
function of the controller 1, which uses classical PID control algorithm
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Fig. 7 Block diagram of the torque control system

G..(s) = Kp(l + %g + Tds) (13)

1

Go(s) is the transfer function of the controller 2, which uses classical P or PD control algorithm
Geo(s) = K, (1+T45) (14)

In Eq. (14), when T; = 0, G.(s) becomes P controller.
Therefore, the closed loop torque transfer function Gr/(s), the disturbance transfer function Gr.(s),
and the noise transfer function Gr,,(s) of the control system can be presented, respectively, as below

_ (G, +Gn) - Gy

15
Cn 1+G,, -Gy (15)
Gy
- r 1

O 1376, 6, (16)
7G(_‘l * GT

= ¢l =T 17

“m =176, G, {17)

From Egs. (15)-(17), the relationships among the three transfer functions can be given as

Gra—Gr

= —rd_ 1 18

GT}’I GT ( )

G—G
Grg = Gy G+ —X (19)

Gr

From Eqgs. (18)-(19), it is known that among the three transfer functions, two are independent. Hence,
the control system is a double DOF control system. By the control system, more complicated control
requirements can be met.

The transfer function G, (s) of the controller 1 is taken as below

Gcl(s) = s

(20)
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Substituting Egs. (14) and (20) into (15), yields

(G +G,) Gy SK(K,+K,T,))+sK(2zK,+K,)+ KK,z

Gr,
’ 1+G,, - Gr s'(t+KK,) +s(1 +2zKK,) + KK 2"

1)

In order to remove steady-state errors in the responses of the drive system to the step, ramp, and
accelerating input, let numerator of Eq. (21) equal last two terms of its denominator, yields

K,+K,T] =0 (22)
K(2zK,+ K, ) = 1+2zKK, (23)

From Egs. (22) and (23), parameters K, and T, of the transfer function G(s) are obtained

|
K, = (24)
T, = KK, (25)
Substituting Egs. (24) and (25) into (21), yields
2(2zKK,) + KK,z"
G, - e 26)

s'(1+KK,) +s(2zKK, + 1)+ KK 2*

Above related equations are used to analyze influences of the system parameters on the responses of

the 2-DOF control system. The related results are shown in Fig. 8. From Fig. 8, it is known:

(1) Under condition that parameter relationship in Egs. (24) and (25) are met, the tracking performance
of the output torque to input signals is just realized. Under the condition, changes of the sys-
tem parameters have not influence on the tracking performance of the output torque to input
voltage.

(2) Under condition that parameter relationship in Eqs. (24) and (25) are met, changes of the system
parameters have influence on response time and stability of the output torque to input signals.

(3) As the stator tooth number increases, the response speed of the control system increases and
the its stability decreases.

(4) a/R is ratio of the center distance to planet radius. The ratio has obvious influence on
response time and stability of the control system as well. As the ratio increases, the response
speed of the control system increases and the its stability decreases.

(5) As the resistance of the circuit increases, the response speed of the control system decreases
and the its stability increases.

(6) As the induction of the circuit increases, the response speed of the control system increases
and the its stability decreases.

(7) As the parameters k, and z increase, the response speed of the control system increases and
the its stability decreases.

(8) In order to obtain quick response and good stability of the control system simutaneously, a
team of moderate parameters should be used.
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Fig. 8 Influences of the system parameters on the control performance
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Table 2 Parameters of the controllers and system
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Fig. 9 The closed-loop responses to step, ramp, and accelerating input
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From analysis and calculation, a team of the parameters are selected in order to obtain quick response
and good stability of the control system simutaneously under the condition that parameter relationship
in Egs. (24) and (25) are met. The parameters are shown in Tables 1 and 2.

Using the parameters, the responses of the 2-DOF control system to the step, ramp and accelerating
inputs are analyzed. The simulations of these responses are shown in Figs. 9. Fig. 9(a, ¢) and (e) show
responses without torque fluctuation, and Figs. 9(b, d) and (f) show responses with torque fluctuation.
From Figs. 9(a, c) and (e), it is known:

(1) The steady-state errors in the responses of the control system to the step, ramp, and accelerat-
ing inputs are removed, and the good track performance of the control system with respect to
step, ramp, and accelerating inputs is obtained.

(2) The control system is changed into underdamped system, and the response time is reduced and
the quick response of the torque is obtained.

From Figs. 9(b, d) and (f), it is known:

(3) The output torque fluctuation caused by changes of the meshing tooth pair number has large
influence on the responses of the control system. After the control system comes into steady
state, the responses of the control system to torque fluctuation still occur.

(4) Based on the 2-DOF control system, the other measure should be used to remove the
responses of the control system to torque fluctuation.

In order to remove the responses of the control system to torque disturbance, an adjusting input
voltage D(¥) is applied to disturbing input end as shown in Fig. 10. Here, a differential link is added
in the disturbing loop so that the adjusting input voltage D(¢) required becomes available control
signals. From Fig. 10, it is known that the response of the control system to the compensation input
voltage D(s) should be equal to —AT(s). Therefore, the compensation input voltage D(s) can be
determined as below

(i"'AT(s) (27)

D(s) =

Substituting Eqgs. (5) and (20) into Eq. (27), the compensation input voltage D(s) can be given.

w 2
D _ Ka - S 2z z J 23
() Z P [s2 + (na)l)2 " sS (na)l)2 " s(s2 + (na)l)z) @8)

n=1

From Eq. (28), the time-varying compensation input voltage D(¢) can be given as below

D(S)

Vs (S)

- (S) T()

+ NS
&)

Fig. 10 Block diagram of the torque control system with voltage compensation
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Fig. 11 Response of the feedback system with adjusting voltage

oo 2 2
D(t) = L'[D(s)] = > Ka,- [ njol)z + [1 - (ni)l)zj - cosnw,t+ nz_az)l . sinna)ltj (29)

n=1

By Eq. (29), the time-varying compensation input voltage D(7) is obtained as shown in Fig. 11(a). Under
compensation voltage, the responses of the 2-DOF control system to the step, ramp, and accelerating
inputs are presented as shown in Figs. 11(b), (c) and (d). From Fig. 11, it is known:

(1) by compensation voltage, the responses of the 2-DOF control system to torque fluctuation are all
removed and the steady output torque is all obtained under step, ramp, and accelerating inputs,
respectively.

(2) Combining the compensation voltage with 2-DOF control system, not only above torque fluctuation
are removed, but also the steady-state errors in the responses of the drive system to the step,
ramp, and accelerating inputs are removed and the quick and stable torque control has been
achieved as well.
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(3) By aforementioned control method, the drive system will also have good tracking performance
with respect to other input signals and steady errors will not occur. It makes the drive system
suited to complicated operating condition of the robots.

5. Conclusions

In this paper, a 2-DOF controller is combined with a compensation input voltage and used to control
the electromechanical integrated toroidal drive. By the control system, the torque fluctuation and the
steady errors are removed, the quick and stable torque control is achieved. Here, the torque fluctuation
in the drive system is presented from which the compensation input voltage can be derived. The
definite parameter relationship of the two-DOF control system is given to remove the steady errors of
the torque control. The parameters of the drive system have obvious influence on the total control
system and they should be selected properly. These research results can be used to design the control
system of the new drive subjected to the complicated loads.
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