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A Novel Estimate Method for the Speed and
Mechanical Torque of the AC Asynchronous
Electrical Dynamometer

Zhang Guixiang, Chen Hongwei and Zhou Cong

Abstract—A novel estimated method for the speed and
mechanical torque of the AC Asynchronous Electrical Dynamometer
is proposed in this paper. The method use the voltage, the current and
the frequency of the stator of the AC Asynchronous Electrical
Dynamometer to estimated the speed and mechanical torque where the
wavelet least squared support vector regressions (WLSVR) is used to
regression the nonlinear relationship between the variables of the
dynamometer. Experiment shows that it is a new way for the
measurement of the speed and mechanical torque of the AC
Asynchronous Electrical Dynamometer in the power- testing system
and can simplify the structure of the currently used measurement
system.

Keywords—Measure for the speed and the mechanical torque,
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I. INTRODUCTION

ue to the rapidly development of automobile industry, the

vere restriction of the emission of the engine for the

enirdnment protection and the problem of energy shortage,

high performance of the engine is required in recent years. To

get a good engine, one first needs an instrument to judge how

good the considered engine is. As a result, much attention has
been paid to the engine testing system.

Power testing is the main part of the engine testing system.
Normally, the torque and the speed of the engine are measured
by the dynamometer, and then the output power of the engine
can be calculated. As the load of the engine, the dynamometer
can be used not only to absorb the output power of the engine,
but also can be used to adjust load torque and speed at different
prescribed value which means that the engine can be tested
under the different conditions when needed.
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At the present time, the hydraulic dynamometer and the eddy
current dynamometer are widely used in the testing system. The
hydraulic dynamometer has good stability but the precision is
not good enough and its operation range is small. Moreover, the
hydraulic dynamometer is a complicated system because it
needs a water cycle system in order to absorb the output power
of the engine. Eddy current dynamometer has a simple structure
but has less ability to absorb the output power of the engine. It
also has a unacceptable precision when working at low speed.
When the hydraulic dynamometer or the eddy current
dynamometer is used in the testing system, the output power of
engine has been wasted since it is absorbed by the dynamometer
and be converted to heat. Furthermore, the system can not drag
the engine when the cold running-in is needed.

Since the AC asynchronous electrical dynamometer has a
simple structure, good precision and widely working range, it is
used widely in the engine testing system recently [1]. In this
system, the AC asynchronous electrical dynamometer can drag
the engine when it need cold running-in and the output power
of the engine can be feedback to the power grid through
inverter feedback. The basic structure of the testing system of
the engine with the AC asynchronous electrical dynamometer
is illustrated in Fig.1.
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Fig 1.a power testing system based on the AC asynchronous electrical
dynamometer

As show in Fig.1, the mechanic torque and the speed of the
AC asynchronous electrical dynamometer are, respectively, the
load torque and speed of engine, which are to be measured. In
order to measure the torque and the speed, there are two method
widely used at the present. One is to change the structure of the
stator of the AC asynchronous electrical dynamometer that is
called as the suspended electrical dynamometer. This method
has the especially requirement to the motor’s structure and
increase the cost and causes the difficulties of dynamometer
production. The other one is to use the high precision torque
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meter or the torque flange but it has especially requirement to
the installation and working environment. Also the cost of the
torque flange is fairly high.

As it is known, the electric torque of the AC asynchronous
motor can be calculated by the voltage and the current of the
stator which can be easily measured [2]. If the losses of the
motor are estimated, the mechanic torque can be calculated
form electric torque. In this paper, the AC asynchronous
electrical dynamometer is regarded as a nonlinear system and is
modeled by the wavelet least squared support regressions.
Based on this model, an estimated method is put forward to
estimate the mechanic torque and the speed of the
asynchronous electrical dynamometer. By using the proposed
method, the AC asynchronous electrical dynamometer need not
to have especially structure, because it can be a normal
asynchronous motor such as a squirrel cage induction motor,
and the testing system also need not to have a torque meter nor
a torque flange. As a result, the cost and the complexity of the
testing system are greatly reduced and the reliability of the
system is enhanced.

Il. WAVELET LEAST SQUARED SUPPORT VECTOR
REGRESSIONS (WLSVR)

A. The Least Squared Support Regressions (LSVR)

The support vector machines (SVM) use kernel function to
map the data in input space to a high dimensional feature space
where the problem can be treated in linear from. LSVR is a
method of SVM that can be used to identification and control a
nonlinear system [3-7].

LetT ={(X;, Y1) +-- (X;,Y;)}, be the sample data set, where

X; are the input of system and y; are the output of system. By
some suitable nonlinear mapping w(x;) , the sample data set T

is mapped into a high dimensional feature space where a
optimization problem is defined:

. 1
min E||W||2 +C Remp

(1
S A COR B

Where W is the distance of T, R, is the experiential
risk, C > 0 is a constant h is called punish factor, & is a small
positive number which is the permission error in regression and
b is the offset.

After the solving of the optimization problem (1), the
decision function (2) can be expressed as:
FOO)=wTy(x)+b (2)
Different experiential risk function R, will lead to
different support vector machines, and LSVR can be expressed
as (3) where Ry, is defined as the quadratic norm of &£ :
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By using the lagranger multiplier and the w(x;) is replaced
by the kernel function
K(Xi, Xj) = (w(Xi),w(x;)) 4
The optimization problem (3) resort to the solution of the
following linear equations (5)
0 Y Y bl |0
i YKo )HYC - yyiKOe ) | e | (1

(5)

Vi WKeL%) e KL %)+YC (o] |1

Where «;, « is the lagranger multiplier. After obtaining the

optimization resolution = (ay, ;... ;) and b by
solving (5), the decision function (2) can be rewritten as

| P
F0 =D (a; —a] )K(x;, x) +b (6

i=1

B. Wavelet Kernel

It can be seen form (6) that the support vector
kernel K(x;,x;) influences the regression performance of
LSVR. Normally, the kernel K(x;,x;) can be chosen as radial

basis function, polynomial function etc. However, although by
choosing these kernels, LSVR might have good mapping
performance, it can not ensure a good approximation of

arbitrary function in LZ(Rd) space, since the bases

constructed by these kernel functions through dilations or
translations are not complete. It is well known that the bases
built up by a family of wavelet functions are complete, and can
be used as kernel function in LSVR that called as wavelet
LSVR (WLSVR). The main advantage of WLSVR is that it can

approximate arbitrary functions in L2 (Rd) space.
The idea of the wavelet analysis is that any function f(x)

can be expressed or approximated by a family of functions
h,c (X) generated by dilations and translations of a function

h(x) called mother wavelet [7]:

X—-C

o () =[a* (=) (7)

|
() =D Wih, ¢ (%) (8
i=1

)

Where x,a,ceR , a is the dilations factor, c is the
translations factor and h, . (x) constitutes a complete base of
L2(RY) space.

It can be written as the product of one- dimensional wavelet
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functions for a common multidimensional wavelet function:

d
hg () = Thex) (9
i=1
)
A wavelet support kernel can be defined as [10]
_ i 7

K(xi,x,->—1;[h( —) (10

)

It can be deduced form (10) that the wavelet support kernel is
a function with the character of translation invariant which
means K(xj, X;) =K (X —Xx;).

Following the theory of kernel, a symmetry function in
L2(RY) space is the dot-product in the feature space should
satisfied Mercer condition, i.e.

“d KX, X;)g(x)g(x; )dx;dx; >0
R"®R

vg(x) e L, (R) (11)
It is very difficult to decompose the wavelet kernel (10) into
dot-product form denote by (4), the Fourier transform of (10)
should be considered.
From this point, we have the following statement: A
translation invariant kernel K(x;,x;)=K(x; —x;) is an

admissible SV kernel if and only if the Fourier transform
F[K @) = 27) ™2 IRN K(x)e 1@ax>0 (12)

It has been proved that (11) can deduce from (12) [3, 9].
The wavelet kernel used in this paper expressed as [10]

d .

K0 x5) =] [P0
i=1

(13

d
Xi — X vy )2 2
ZHCOS(CO( i j))e (X x]) /2a
i a

IIl. THE ESTIMATED METHOD FOR THE SPEED AND
MECHANICAL TORQUE

In the testing system showed in Fig.1, the AC asynchronous
electrical dynamometer works as a generator to absorb the
output power of the engine and its mechanic torque and speed
are the load torque and speed of engine. Normally, the AC
asynchronous electrical dynamometer is working in constant
torque area showed in Fig.2.
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Fig.2 the working area of the AC asynchronous electrical dynamometer

Form the theory of electric machinery; it is well known that
the AC asynchronous electrical dynamometer is a
multivariable, nonlinear, strongly coupled and time-varying
system. In d —q axes components in a synchronous rotating

frame, the model of the AC asynchronous electrical
dynamometer can be expressed as
_Rs+Lap — L, t—mp 7(0&'_7%_
' ' .
:Zi ) oL, Ry+L,p % Lf:p ) :Z: (14)
ol ,LJRr 0 &er — Adr
0 L, L o e
| 0 ——TRr @, L—:Jr p
Where
R, Stator resistance per phase;
R, Rotor resistance per phase;
L, Stator inductance per phase;
L, Rotor inductance per phase referred to stator;
L,, Mutual inductance per phase;
p Differential operator;

@, Synchronous rotating frame angular speed;
@, Slip angular speed;

Vgs (Vgs) d-axis (g-axis) stator voltage;

igs (Iqs) d-axis (g-axis) stator current;

Agr (Aqr) d-axis (g-axis) rotor flux linkage;

: : LL, —L2
linkage inductance factor, L :%;
r

Resolving (14) with the v (vqs) and the iy (igs) can be

L

o

computed from stator voltage ug and currentiy, the @,, @,
and the g4 (44,) can be calculated. Then, the rotor speed n

and the electric torque T, of the AC asynchronous electrical

dynamometer can be get respectively form (15) and (16)
30

n :F(we —C()S) (15)
3P L, . .
Te :__m(lqsﬂ'dr _Idsﬂ“qr) (16)
4 L,

Where P is the number of poles.

234
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Hence, the speed n and the electric torque T, can be
respectively expressed as
n= fn (Us ' is)
Te = fTe (Us,is)
Where f means nonlinear relationship.

(17)
(18)

To get the mechanic torque T of the AC asynchronous
electrical dynamometer, the losses should be considered.
However, the calculation of the losses of the AC asynchronous
electrical dynamometer is not an easy job, for losses depending
on a lot of factors, such as the voltage, current, temperature, the
synchronous frequency etc., and there is no specific formula to
estimate the losses, except some general ideas about the loss
distribution.

For instance, regardless the motor temperature variation, it is
mentioned that the losses of the AC asynchronous electrical
dynamometer Ap has nonlinear relations ton, the speed of

rotor; ug, iy, the voltage and the current of stator; f, the
frequency of stator and can be expressed as [11]

Ap=f,(fg,nugis) (19
)
Then, the mechanic torque T can be expressed as
T =T, +2P 9550 (20)
n

Consider (18), the mechanic torque T also can be expressed
as

T = f; (fg,ug,ig,N) (21

)
Based on (17) and (21), an estimated method for the speed
and the mechanic torque is proposed in Fig.3

fn (s, i)

fr(nug,is, fs) F—

Yvyy

f

s

Fig.3 the method to estimate the speed and the mechanic torque

As the stator voltage u, and current i are alternating

variable, the input of nonlinear relationship should include the
amplitude and the phase of these variables. In the testing
system showed in Fig.1, the speed and mechanic torque is
measured under the stable state. Thus, the stator voltage ug and

current i can be replaced by their amplitude U and I, phase
difference 4, between the voltage and the current and the
stator frequency f as expressed in (22)

(usvis)_)(us:lsv‘guilfs) (22
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In this paper, the vector of stator voltage and current in the
a — [ axisin a stationary stator frame is considered as showed

in Fig.4

Fig.4 the vector of stator voltage and current in the o — f axis

In the « — B axis, the stator voltage and current can be
expressed as

u > 1 ] Ua
Sa
= |=x x| U 23
Lsﬁ} \/; 0 V3 ﬁ ° @
2 2 ¢
3
H E ° H o
. = x| .
5] 1§20 | Ls
2
Where
Us, (Usp) o -axis ( S -axis) stator voltage;

iso (isp) @ -axis (B -axis) stator current;

Ua(ug,uc) Measured stator voltage of A (B, C) phase;
ia(is)
Then, theU,, I and§,; can be expressed as

Measured stator current of A (B) phase;

U =,/uso,2 +Ug,” (25)
I :,/iw2 +igy? (26)
Oy =0, —0; (27)

Where

u
6, The phase of stator voltage, 6, = arctan(i) ;

Sa

i
0, The phase of stator current, 8; = arctan(-2) ;

Sa
It is easily to deduce that in the steady state the stator
frequency f, can be derived form 6, or 6

1 dg,
=— 28
s 27zx dt (28)

1 dé
=—x—" 29
s 27r>< dt (29)

As discussed above, equation (17) and (21) can be rewritten
as

n:fn(fs’USvISIeui) (30

T="1;(fs,Ug, 15,6,,N) (31
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)
Based on the (30) and (31), the structure of the method is
described in Fig.5
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Fig.5 estimated method based on WLSVR

In the Fig. 5, the two nonlinear relationships are modeled by
the speed WLSVR and the torque WLSVR, and the outputs of
them are the speed and the mechanic torque of the AC
asynchronous  electrical ~ dynamometer  respectively.
U, I, 6, and fg are computed in calculation portion. The

function of training portion is to training WLSVR with training
samples to get the decision function (6).

IV. EXPERIMENT RESULTS

The experiment equipment is showed in Fig. 6. The drive
motor imitates the engine that running in the prescribed speed.
A hydraulic dynamometer is used here to measure speed and
mechanic torque. Its parameters are 11KW, 50Hz , 55N -m and
1490rpm . The drive motor is directly connected to the

hydraulic dynamometer and both of them are fed by the inverter
with variable voltage and variable frequency ability. The speed,
mechanic torque and the stator voltage and current are collected
and calculated by the testing equipment.

| [ Driver
lnverter Motor

Inverter

Measure system

Fig.6 the experiment equipment

Training samples obtained from the experiment are collected
to training two WLSVRs to get the decision function (6). Its
input portion includes stator voltage ug and currenti ; the
outputs of them are speed and mechanic torque respectively.
The T; can be expressed as

Ti = fr (X, ¥i)

. (32
=fr ((us!ls)! (n,T))

To enhance the training effect, training sample should be laid
over the working area of the dynamometer. In order to reduce
the influence of the temperature rising, all the samples are
measured after the dynamometer has reached the heat balance
state. The distribution of the training samples in terms of the
torque and frequency are showed in fig. 7.

Testing samples are used to verify if the output of the
WLSVR satisfies the relationship denoted in equation (32).
Fifty-five group testing samples are employed and showed in
fig.8.
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According to the (6) and (13), the accuracy of WLSVR
output is influenced largely by the constant C and kernel
parameters a. However, there is no good solution to choose
them so far. In this paper, the try and error method is used to
determine C and a ,and & is set to be 0.1. The average
relative error & between the torque values estimated the

torque WLSVR by using different C and a, and their real
value are shown in table 1.

Table 1 the average relative error &y between the mechanic torque estimated value and their real value
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a~C 10 30 50 70 80 90 100 200 400 600
10 576 4.78 4.38 4.14 4.06 3.99 3.93 3.71 3.50 3.51
20 2.97 2.75 2.60 3.08 3.12 3.14 3.16 3.23 3.28 3.30
30 425 312 3.00 2.93 2.91 2.89 2.87 2.75 2.83 3.01
40 6.53 411 3.70 3.53 351 3.49 3.47 3.32 3.20 3.21
50 791 4.90 4.39 4.17 4.10 4.06 4.02 3.73 3.54 3.55
60 9.07 5.42 4.82 4.55 4.46 4.39 4.33 3.90 3.60 3.57
70 10.08 5.88 5.19 4.90 4.79 4.72 4.66 4.20 3.76 3.82
80 1095 6.23 5.42 5.10 5.00 4.92 4.85 4.46 4.05 4.11
90 1171 654 5.56 5.21 5.10 5.01 4.93 4.58 4.28 4.27
100 1241  6.89 5.71 5.27 5.16 5.07 4.99 4.58 4.31 4.33
200 18.17 1004 7091 6.95 6.62 6.35 6.15 5.42 5.00 5.01
300 23.67 1217 931 8.05 7.65 7.34 7.14 6.28 5.79 5.82
Form table.1, the best results of mechanic torque estimation -
is arrived at the point when C =50 anda =20. The average :Z;
relative error ¢ is 2.60% which might be acceptable in ) s
engineering testing. %O%W
The try and error method also is used in speed MLSVR, %_m:
from the similar step we concluded that C =30 and a =20 . \LSVR
might produce the best results. Fig.8 illustrates the estimated a0 ‘
values (by “+”) of the method depicted in Fig.4. In order to 0%

compare, the associated testing samples are also showed in
fig.9 ( by black dot ) .

10

—
€ o t
Z
= ol o, o o .
= » o e e Te feo et 0T O &
g_zo’ . Shv et
o
—
o $ ¢ ¥ & % o of o
= -3}
[$) L oot e 0 00
= +
%,AO, L B o ® o e ah
<
[8]
QO -sof
= - -

60 . . . . . . . .

0 200 400 600 800 1000 1200 1400 1600 1800

Speed (rpm)
Fig.9 the estimated values for the testing samples of the method
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Fig.10 the compare for the relative error between the LSVR and
WLSVR

As showed in fig.10, the output of WLSVR is better than
LSVR. The reason is that WLSVR has not only the advantage
of the support regression but also has good partial
time-frequency merit inhabited from the characteristics of the
wavelet function, which make it can regresses the detail of the
nonlinear system better.

V. CONCLUSION

Using WLSVR to model the nonlinear relationship between
the stator voltage, current and the speed, mechanic torque of
the AC asynchronous electrical dynamometer, a novel
estimated method for the speed and the mechanic torque

Finally, a LSVR with radial basis function [8] showed in (33) isghserver is proposed in this paper. Experiment proved the

used in the mechanic torque observer.
2
K0t xp) = exp(= i ;[ /p?) (33)
The parameter p =21 and C =300 are determined by try

and error method. The compare of relative error to the testing
samples between it and the observer with WLSVR is showed
in fig.10.
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method can work effectively to estimate the speed and the
mechanic torque under the steady state without speed and
torque sensors or torque flange. This should greatly reduce the
cost of testing system and simplify the structure of testing
system. It is expected to be availably in industry testing after
further improvement of its accuracy.

In the future research, more attentions will be paid on the
temperature variation of the AC asynchronous electrical
dynamometer. The aim of this research is to improve the
accuracy of observer in order to satisfy the requirement of the
automobile testing system.
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