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Abstract
The  evaluation  and  laboratory  study  of  the  electrical
machines  and  their  drive  system  can  guarantee  an
optimum design  and  utilization  of  electrical  drives  in
many  industrial  and  research-based  applications.
Therefore,  the  testing  standards  and  their  required
equipment are provided from the beginning of electrical
motors  commercialization.  Using  a  mechanical  load
emulator  is  mandatory  for  performing  programmable
tests with the lowest cost and the highest accuracy. In
recent  years,  the  producers  of  electrical  machine  test
benches  have  introduced  the  utilization  of  AC
dynamometers as the new generation of these types of
equipment. The emulation of the transient behaviors and
the  load  torque  complex  dynamics  entails  a  fast
dynamic  drive  system  to  follow  the  high-frequency
reference  torque  signals  with  high  precision.  The
proposed dynamometer,  as  instrumentation equipment,
is capable of providing a wide-band torque response in
the transient and steady state for the machine under test.
The  wide-band  dynamic  response  of  the  proposed
dynamometer  for  emulating  several  linear  and  non-
linear  loads  is  validated  by  simulations  and
experimental results.

Keywords: wide-band  dynamometer,  dynamic  load
emulation, nonlinear loads

Introduction
The  dynamometer  is  a  practical  device  for  testing
electrical machines. It provides a programmable torque to
emulate various mechanical  load characteristics  for  the
machine under test. The mechanical load characteristics
include  the  static  torque  component,  dynamic  torque
component,  and  the  mechanical  load's  non-linear
components.  In  recent  decades,  various  dynamometers
have  been  introduced  in  the  market  with  different
limitations.  The  dynamometers  such  as  eddy  current,
magnetic powder, hysteresis, and hydraulic are used only
for  testing  the  motors  in  the  first  and  third  regions.
Furthermore,  these  dynamometers  are  only  appropriate
for  the emulation of  static  torque components  with no
application  for  dynamic  torque  components.  The
dynamometer of reference [1] has the ability of dynamic
torque  emulation,  but  it  uses  a  DC  motor  for  the
emulation.  Due  to  the  low  speed  dynamic  response
compared  with  the  AC  motors,  DC  motors  are
inappropriate for the new generation dynamometers. The
new generation  of  AC dynamometers  has  considerable
advantages  compared  with  the  typical  older  types.  In
addition  to  the  capability  for  regenerating  the  brake
power to the network, the AC dynamometers are able to
emulate  the  dynamic  characteristics  of  non-linear  and

complex  mechanical  loads  due  to  their  fast  dynamic
response. In reference [2], only linear loads are emulated
by the AC dynamometer, and the non-linear loads are not
emulated.  The dynamometers  of  [3]-[8]  emulated  only
one type of non-linear load and did not consider other
linear and non-linear loads. In references [9]-[11], the Ac
dynamometer  emulated  different  non-linear  loads.
However,  some  of  these  loads  are  not  common  in
industrial  drives  and  are  just  hypothetical  non-linear
loads.

In  traditional  classifications,  the  load  torque  of
electrical  drive  systems  is  categorized  into  six  groups
constant,  frictional,  quadratic,  constant  power,  path-
dependent, and rotor angle-dependent [12].Various non-
linear loads of the electrical drive systems are classified
in  [13].  As  a  dynamometer  is  an  instrumentation
equipment, the driver system must provide high precision
and fast dynamic response for the torque in the transient
and the steady state. After evaluating the dynamometer
drive system performance in the torque and speed control
modes, the torque control method is selected due to its
fast dynamic and wide-band response.

The  simulation  and  experimental  results  of  the
proposed  AC  dynamometer  with  the  capability  of
emulating various types of non-linear loads with different
bandwidths  are  presented  in  this  paper.  The  obtained
results  will  show  the  capability  of  the  implemented
dynamometer system for loading the static and dynamic
characteristics.  The  possibility  of  loading  complex
mechanical loads,  such as misalignment and crankshaft
loads,  is  one  of  the  advantages  of  the  implemented
dynamometer system. In addition to the implementation
of the hardware sections, a software environment is also
provided for performing different test scenarios settings,
device protection, data acquisition, data processing, and
data  extraction.  Therefore,  the  specifications  of  the
proposed dynamometer can be expressed as follows:
 The capability of testing the motor in the four regions
of the speed-torque characteristic.
 The capability of emulating the load torque static and
dynamic components.
 High flexibility in the implementation of different 
scenarios and the combination of various load 
characteristics.
 The capability of emulating the non-linear 
components and industrial complex loads.

The Control Approach of Proposed Dynamometer
The  dynamometer  consists  of  three  building  parts
including an electrical machine as a dynamometer, power
electronic  converters,  and  measuring  sensors.  Figure  1
shows the control approach of the dynamometer, which is
based vector method. In this method, the motor speed ωr 
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Figure 1. Block diagram of dynamometer control according to FOC method

is measured, and the instantaneous value of the torque,
based on the analytical relation between the torque and
speed,  is  calculated  and  applied  to  the  dynamometer's
driver  system  as  the  reference  torque  Te

*.  The
dynamometer  drive  system  must  track  the  desired
reference  torque.  The  reference  torque  value,  from an
exterior loop, is calculated based on (1) and applied to the
FOC  controller,  as  shown  in  Figure  2.  The  inverter
voltage reference V*

abc is obtained after reference currents
calculation  along  the  two  axes  dq  using  the  current
controllers. Finally, the modulator provides the inverter
switching PWM pulses based on the calculated reference
voltages. In this approach, the measured motor speed ωr

is applied to the coupling model to obtain the speed ωr
'.

The coupling model can emulate the coupling system's
non-linear effects. In the case of neglecting the coupling
model, then ωr will be equal ωr

'. 

Figure 2. Block diagram of torque reference generation

Considering the effects of linear and non-linear loads,
the reference torque Te

* of the FOC method is calculated
as:

(1)

where, Tdemand is the requested load torque, Tnl is the non-
linear  torque  of  the  load,  T0 is  the  constant  torque
component of the load, a1, a2, ... is the coefficient of the 

load torque function, and Jdemand is the requested inertia of
the load.

Therefore,  by  defining  parameters:  T0,  a1,  a2,  …,
Jdemand and Tnl, the reference torque value Te

* is calculated
in terms of the speed of the axis between the motor and
dynamometer and is applied to the vector control method.

Simulation results
This  section  discusses  the  simulation  of  several  non-
linear loads by the AC dynamometer. The torque control
method, as shown in figure 1 and figure 2,  is used for
controlling the dynamometer. The dynamometer's motor
is  an  induction  motor  with  the  parameters  defined  in
Table 1. Also, an induction motor with the parameters of
Table 1 is connected to the dynamometer as the motor
under test. Figure 3 shows the simulation results of the
dynamometer's  step  response  for  the  nominal  torque
value  of  13  N.m.  As  can  be  seen,  the  dynamometer
tracked the reference step well as a result of the system's
fast  dynamic  response.  Furthermore,  the  ability  of  fast
dynamic response allows the dynamometer to emulate the
non-linear load torques with the different scenarios.

Table 1. The dynamometer and motor under test parameters

Parameters Dynamometer
motor

Motor under
test

Nominal power 4 kw 4 kw
Nominal voltage 380 V 380 V
Nominal speed 2880 rpm 2890 rpm

Pole pairs 1 1
Nominal current 7.6 A 8.17 A

The moment of inertia 0.046 kg/m2 0.046 kg/m2
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Figure 3. The step response of the dynamometer
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In the first scenario, the dynamometer must emulate a
sinusoidal  load  torque  with  5  N.m  amplitude  and  a
frequency  of  40  Hz  for  the  motor  under  test.  The
simulation results of this scenario are shown in figure 4.
As can be seen, the dynamometer is capable of tracking
the  sinusoidal  reference  torque  with  a  fast  dynamic
response. Therefore, the dynamometer can emulate any
load torque with high-frequency non-linear components.
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Figure 4. The dynamic response for 40 Hz sinusoidal torque

In  the  second  scenario,  the  dynamometer  must
simulate the misalignment load torque. Figure 5 shows
the misalignment load model. In the misalignment load
model, the motor under the test shaft is connected to the
load with the angle β, which causes unwanted sinusoidal
torques in the system.

Figure 5. The model of misalignment load

The reference  [14] provides a more detailed analysis
of  misalignment  load  torque  relationships.  Since
misalignment  load  torque  is  of  the  coupling  type,  it
converts  the  measured  speed  of  the  motor  ωr to  the
coupling speed ωr

' by the following relation:
(2)

where  the  angular  position  of  the  load  motor  can  be
denoted as θr= ωrt.

Figure  6 shows the result of the misalignment load
torque simulation for the dynamometer. Here, the angle
β=5° is considered. The simulation scenario is that at the
moment s 0.6, the system speed has increased from 2500
rpm  to  2900  rpm.  The  dynamometer  emulates
misalignment  load  torque  accurately  at  2500  rpm and
2900 rpm steady state speeds.
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Figure 6. Misalignment load simulation results

In  the  third  scenario,  the  crankshaft  load  torque,
which  has  a  more  complex  non-linear  behavior,  is
investigated. Figure 7 shows the model of the crankshaft
mechanical  load.  Compressors,  equipped  with  drive

systems,  are one of the loads that indicate the crankshaft
mechanism.

Figure 7. The model of crankshaft load

In the crankshaft mechanism, the relation between the
load's torque with the speed, position, inertia, and other
geometrical parameters are modeled as follows:

(3)

where Jm, Fn, lcr, and rcs are the motor moment of inertia,
the  normal  force,  the  connecting  rod  length,  and  the
crank length, respectively. The term Jcs(θr) is the inertia
moment  of  the  crankshaft  mechanism,  which  is  not
considered here for simplicity [15].

Figure 8 shows the simulation result of the crankshaft
load.  The  simulation  scenario  is  such  that  at  the
beginning, the reference speed of the motor is 1000 rpm,
and at the instant of 0.6 s, the speed has increased to 2300
rpm.  At  1000  rpm  and  2300  rpm,  the  dynamometer
tracked the torque reference very well.
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Figure 8. Crankshaft load simulation results

Experimental results for linear loads
In this  section,  some linear  loads  are  emulated  by the
proposed dynamometer. Figure 9 shows the experimental
implementation  of  the  dynamometer  system.  The
controlling  algorithm  is  programmed  on  a  DSP
TMS320f335  processor.  The  motor  under  test  is
controlled using EUROTHERM drive AC690. The drive
of the motor under test is based on the V/F method. The
dynamometer motor and the motor under test parameters
are indicated in Table 1.
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Figure 9. The experiment platform of proposed dynamometer
A. Constant load torque emulation
The system response to the pulse torque reference in the
second  and  third  regions  of  the  torque-speed
characteristic  is  investigated  in  this  section.  Figure  10
shows  the  pulse  torque  reference  T0=±3  N.m  (yellow
curve), the dynamometer motor torque (blue curve), and
the  stator  current.  As  can  be  seen,  the  dynamometer
motor  torque  tracks  the  instantaneous  reference  torque
accurately.

Figure 10. The dynamometer torque response for the pulse
torque reference T0=±3 N.m

B. Programmable constant load torque emulation
Programmable loading of the motor under test based on
the user-selected torque profile can be considered one of
the  advantages  of  the  dynamometer  system.  Figure  11
shows the motor under test  speed (yellow curve),  load
brake torque (blue curve), and motor stator current (motor
under test current) in the condition of applying a step-
wise  load  brake  torque  from  the  no-load  state  to  the
nominal  load  state.  Therefore,  this  ability  allows  an
automatic motor testing operation as if when reaching the
steady-state  condition,  the  electrical  and  mechanical
quantities are measured, the required data are extracted,
and this procedure is repeated for each step of the load
torque  changes.  Finally,  by  connecting  the  obtained
points,  the  required  characteristic  is  extracted.  In  this
method,  the  number  of  steps  and  the  interval  time
between applying the torque moments are programmable.
Moreover, if the number of steps is increased (for small
step  sizes),  the  load  torque  profile  will  be  a  ramp
function, where the rate of the slope and the peak of the
torque is programmable.

Figure 11.  In order from the top: motor under test  speed,
dynamometer torque, and motor under test current for the
programmable load ±12 N.m

C. Dynamic load torque emulation
The  industrial  load's  torque  is  composed  of  two
components  of  static  torque  Tstatic and  dynamic  torque,
which is represented as follows:

(4)

Here Jload and Tl are load inertia momentum and the load
reference torque, respectively. Programmable loading of
the dynamic torque effects resulting from the load inertia
is one of the advantages of the proposed dynamometer.
This capability of the dynamometer systems is utilized in
many laboratory studies of motors and drivers, especially
in electrical  transportation applications.  In  this  section,
the  load  inertia  effects  on  the  dynamometer  system-
generated  torque  are  tested  experimentally.  The
dynamometer's  motor,  shown in  Figure  12,  has  inertia
Jdynamo=0.046 kg/m2, which is added to the motor under
test  inertia.  The  system's  dynamic  equation  when  the
motor under test is connected to the dynamometer motor
is described as follows:

(5)

where  JM,  Jdynamo,  and  Jdemand are  the  motor  under  test
inertia, the dynamometer's motor inertia, and the required
reference inertia for loading on the motor, respectively.
The TM and Tdynamo express the motor under test inertia and
the dynamometer's motor torque. The Jdemand inertia value
can be more or less than the Jdynamo value.

Figure 12.  Dynamometer motor and motor under test

Based on equation (4), and considering that the inertia
of  the  dynamometer's  motor  rotor  is  imposed  on  the
motor under test, the reference dynamic torque Tl, which
has  to  be  generated  by  the  dynamometer's  motor,  is
calculated as:

(6)
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The experimental results for Jdemand =4Jdynamo are shown
in Figure 13. In this condition, the dynamic torque value
3Jdynamo.dωr/dt is added to the static torque. This dynamic
torque  term  appears  in  the  dynamometer's  motor-
generated  torque  from  moment  A.  Decreasing  or
increasing  this  torque  component  is  equivalent  to
decreasing or  increasing the load inertia  for  the  motor
under test. After the increase of the dynamic torque term
by the dynamometer system, the motor's speed dynamic
response  is  made  faster  under  the  influence  of  this
dynamic torque term.

Figure 13.  In  order from the top:  motor under  test  speed,
dynamometer torque,  and motor  under test  current  for  the
inertia Jdemand =4Jdynamo and the pulse torque reference T0=±3
N.m

Experimental results for nonlinear loads
In this section, the ability of the proposed dynamometer
to emulate two linear loads has been investigated.

A. The determination of dynamometer bandwidth and the
ability  to  generate  high-frequency  load  torque
components 
The non-linear behavior of the industrial loads and the
creation of unwanted high-frequency oscillations in the
applied  load  torque  into  the  motor  drive  system  is
unavoidable.  These  load  torque  components  have
typically high-frequency components, and the generation
of these mechanical loads high-frequency components in
the dynamometer's system needs the utilization of a drive
system with a high dynamic response (high bandwidth).
To evaluate the performance of the implemented control
system  for  tracking  the  load  torque  high-frequency
components,  the  dynamometer's  drive  system response
for  the  sinusoidal  reference  torque  ±3  N.m  and  the
frequencies 1Hz to 40HZ is tested. The obtained results
from the 1Hz and 40Hz tests are shown in Figure 14 and
Figure 15, respectively, where the yellow color represents
the reference torque signal, and the blue color expresses
the dynamometer's torque. The experimental results show
that the implemented drive system is capable of tracking
the sinusoidal reference torque up to 40Hz with a fast and
high precision dynamic. For the frequencies above 40Hz,
the  tracking  error  is  increased  dramatically,  and  the
increase  in  the  torque  ripples  causes  the  improper
operation of the dynamometer system. To achieve higher
bandwidths,  using  more  complex  controlling  methods
and higher switching frequencies is needed.

B. Misalignment torque emulation
One  of  the  special  capabilities  of  the  proposed
dynamometer is that the user can change the oscillatory
torque parameters resulting from the misalignment load

to observe its effects on the operation of the motor drive
system.  In  the  simulation  results  section,  the
mathematical  relations  and  misalignment  load  torque
waveforms are investigated. The experimental results for
the misalignment load with β=60º is shown in Figure 16.
In this  scenario, the misalignment load is applied at the
moment T1. The experimental results show that, by the
increase  in  the  misalignment  angle,  the  load's  torque
oscillation are increased, where the effects of these high-
frequency fluctuations on the motor under test speed can
be observed as the oscillations with the same frequency.

Figure 14. The dynamic response of the dynamometer for 1
Hz sinusoidal reference torque 

Figure 15. The dynamic response of the dynamometer for 40
Hz sinusoidal reference torque 
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Figure 16.  In order from the top: motor under test  speed,
dynamometer torque, and motor under test current for the
misalignment with β=60º

C. Crankshaft mechanism torque emulation
As discussed in the simulation results, the crankshaft load
has  a  complex  behavior,  and  the  dynamometer  can
emulate that on the motor under test. Figure 17 shows the
experimental  results  for  the  crankshaft  load.  In  this
scenario,  the  oscillatory  component  resulting  from
applying the crankshaft load is applied to the motor under
test  from  the  moment  T1.  As  represented  in  the
experimental results (the enlarged section of Figure 17),
the dynamometer's torque control system, in addition to
the  load  static  torque,  generates  the  oscillatory  torque
value resulting from the crankshaft load from the moment
T1.  The  effects  of  oscillatory  components  of  the
crankshaft torque on the motor under test speed and the
stator  current  are  considerable.  Furthermore,  Figure  17
shows the dynamometer system behavior in the condition
of  the  changes  of  the  motor  under  test  speed.  The
crankshaft load torque is dependent on the position and
the  derivatives  of  the  speed,  where  the  oscillation
frequency and its amplitude are affected by the changes
in the motor speed, as seen in (3). The effects of these
oscillations on the transient speed response and the motor
under test steady-state operation are shown in an enlarged
view in Figure 17.

Figure 17.  In order from the top: motor under test  speed,
dynamometer torque, and motor under test current for the
crankshaft load

Conclusions
In  this  paper,  different  types  of  static  loads,  dynamic
loads, and high-frequency non-linear components of the
typical  industrial  loads  are  implemented,  and  the
dynamometer system and the motor under test response
are  evaluated  and  analyzed  in  each  case  separately.
Analysis  of  the  results  shows  that  the  implemented

dynamometer  is  capable  of  modeling  a  wide  range  of
industrial  load  characteristics  in  the  laboratory.  The
simulation  and  experimental  results  revealed  that  the
proposed  dynamometer  is  of  a  fast  dynamic  response.
This ability can be utilized efficiently for the emulation of
the non-linear components in the frequency range of 1Hz
to  40Hz,  which  is  present  in  the  misalignment  or
crankshaft  loads.  Using  the  proposed  dynamometer
system,  the  user  can  utilize  programmable  loading  of
diverse  combinations  of  the  different  industrial  load's
components (static, dynamic, and non-linear components)
on  the  motor  under  test  and  analysis  the  motor  drive
system under test. 
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