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Abstract – In this paper the new solution to the problem 

concerning dynamic load emulation is presented. This paper 

represents the improvement of a compensator method application 

with linear PID controller. Detailed simulation results provide 

good starting point for controller tuning and verification of the 

main idea. New technique, based on rapid prototyping approach is 

described and the experimental results are presented. Simulation 

and experimental results are compared for emulation of linear and 

nonlinear loads. Some limitations in use of proposed controller 

are gained and future improvements are noticed.  
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I. INTRODUCTION

In order to anticipate the performance of a designed 

system, engineers regularly use some of the well-known 

simulation tools. Today, the most of the simulations are 

carried out on digital computers. Mathematical models of 

systems are created and their behavior is inspected. 

However, in order to overcome a number of 

uncertainties, sometimes the laboratory prototyping is 

recommended. Unfortunately, this is not always possible to 

achieve. A good example of this would be an electrical 

drive that is designed to work with some kind of nonlinear 

load. This is why the dynamic load emulation was 

developed. It is a mean of “hardware simulation” of any 

drives load condition that can be mathematically described. 

The dynamic load emulation procedure consists of two 

drives rotating on the same shaft with rigid coupling. One 

of them is the drive under test (DUT), the one whose 

behavior under certain conditions is inspected. The other 

one is the drive “acting” as the load, often called 

dynamometer (DYN). It doesn’t have to be the same kind 

of drive as the drive under test, but it has to be torque-

controllable. 

There are four most commonly used methods for 

achieving the dynamic emulation: 

1. The compensation method [1]

2. The feedforward regulation method [2]

3. The feedback regulation method [3]

4. The PI estimation method [4]

This paper will address the compensation method given 

in [1] and a way of its improvement. The theoretical 

hypothesis will be simulated using the Matlab/Simulink 

simulation software and experimentally proven using the 

experimental set-up described in section IV. The algorithm 

for dynamic emulation is developed in Simulink and 

transferred to a dSpace development platform which 

controls both machines.  The DUT is a vector controlled, 

squirrel cage induction motor. The DYN is also a squirrel 

cage induction motor, but its torque is controlled directly, 

via a DTC drive. The proposed emulator will later be used 

for testing of speed controller robustness and performances. 

II. Traditional compensation method

A. The inverse dynamics model

The most basic idea of a dynamic emulation algorithm 

is shown in Fig 1. This is so called inverse dynamics 

approach. The idea is very simple. The shaft speed is 

estimated from position encoder signal and used for 

calculation of a necessary load torque which is to be 

applied by a dynamometer. The flaw of this approach is the 

fact that it needs the inverse mechanical characteristic, i.e. 

the load torque as a function of speed: 

 rl fT  (1) 

where Tl is the load torque and ωr is the angular speed of 

the rotor. 

Fig. 1.  The inverse dynamics approach to dynamic load 

emulation 

On Fig. 1, Gem(s) is the transfer function of an emulated 

load, while G(s) is the transfer function of a mechanism - 

two rotors and a shaft. 
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The characteristic from Eq. (1) is practically 

unachievable since it requires the derivative of speed over 

time. For example, a simple linear load inverse mechanical 

characteristic is given in Eq. (3): 
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where J is the moment of inertia and B is the viscous 

friction coefficient of a linear load. 

Such an approach would be impractical because 

measurement of acceleration is very submissive to noise. 

Further, it can also exhibit stability problems when the 

algorithm is implemented digitally. This is why the 

different approach was developed. 

B. Regulating the speed instead of torque

The different approach is depicted in Fig 2. Consider 

for the beginning that Gcomp(s) = 1. The transfer function of 

speed with respect to the driving torque is as follows: 
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where Te(s) is the driving motor torque, Gem(s) is the 

emulated load transfer function, G(s) is a transfer function 

of a mechanism and Gt(s) is an emulated speed PI 

controller as shown in Fig.  2. The desired speed-torque 

characteristic is, however, given with Eq. (5). 
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Eqs. (4) and (5) have different expressions on their 

right-hand sides, so the compensator is introduced to 

neglect these differences. Its transfer function is obviously: 
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By evaluating this transfer function, however, it can be 

seen that that it is improper. The degree of numerator is 

higher than degree of denominator. One possible solution 

of this problem is shown in this paper. 

Fig. 2.  The traditional compensation principle 

C. Existing solution of a compensator problem

Before the suggested solution is explained, the existing 

solution has to be reviewed. It is adopted form [1] and 

consists of a modification of a compensator transfer 

function in discrete domain. Instead of continuous, the 

discrete compensator is used, with its discrete transfer 

function being: 

1 ( ) ( )1
( )

( ) ( )

t
comp

t

G z G z
G z

z G z G z


 (7) 

In order to compensate for the introduced delay, the 

transfer function of an emulated load has to be modified 

too. It now becomes: 

0( ) { ( ) ( )}em h emG z z Z G s G s  (8) 

where Gh0(s) is the transfer function of a zero-order hold 

function used to discretize Gem(s). The newly formed 

compensator can be realized in the digital processor which 

is normally used to execute the algorithm. 

III. THE SUGGESTED DYNAMIC LOAD EMULATION

APPROACH

This chapter covers the suggested approach to solving 

the compensator problem. The simplest way of designing 

the emulated speed controller, Gt(s) is also shown. 

By introducing a differential effect into a PI controller, 

Gt(s) i.e. creating a PID controller, the degree of 

denominator in the compensator transfer function raises by 

one, and is now equal to the degree of the numerator. Such 

a compensator can be realized and simulated, even in 

continuous time domain. The differential effect also 

enhances dynamics of the system, especially when sudden 

changes in reference occur. The new scheme is very similar 

to the one from Fig. 2. The main difference is in the new 

transfer function of a controller, which is given in Eq. (9). 

Also, one more block is added to the regulation loop which 

is shown on the right side of Fig. 2. This block is mainly 

added for a purpose of calculating the parameters of the 

PID controller, but it also brings the whole model closer to 

reality. It accounts for any delay caused by the time 

necessary to execute the control algorithm, time needed for 

acquisition of data, calculating the necessary variables, 

delay caused by the inner current loops etc. This delay is 

described by the term Tek. The new loop is shown in Fig. 3. 

The transfer function of the added block is simply: 
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The transfer function of an ideal PID controller is given 

with: 
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where Kp is the proportional gain, Ki is the integral gain, 

and Kd is the differential gain of a PID controller. 

 

 
 

Fig. 3.  The control loop of a suggested method 

 

Although an ideal controller can’t be made, it is 

possible to use Eq. (10) to calculate parameters of a real 

controller. The real PID controller’s transfer function is 

given in Eq. (11): 
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where TD is filtering time constant of a differential term. 

In order to calculate the parameters, the scheme on the 

Fig. 3 is used. Since the controller regulates the emulated 

speed, ωem, that is, tries to make the real rotor speed equal 

to the emulated one, a simple feedback loop on the Fig. 3 

provides for a characteristic equation of a controlled 

system. It is derived from Eq. (12): 

 

01 0 W  (12) 

 

where W0(s) is the open loop transfer function of a loop 

from Fig. 3. The characteristic equation in its extended 

form is given in Eq. (13): 
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In the previous equation, Jm is the moment of inertia 

and Bm is a viscous friction of a motor drive mechanism, 

respectively. 

The previous equation is a characteristic equation of a 

third order system. It can be mathematically represented as 

a juncture of two systems: one of the order of two, and one 

of the first order. The goal is to have the poles of an order 

two system complex and dominant and the third pole 

should be negative, non-dominant and as far from 

imaginary axis as possible. Having in mind previous, the 

Eq. (13) can also be written in the following form: 
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where s1, s2 and s3, are the roots of the Eq. (13) and are 

given in their well-known forms: 
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for the second order system and: 

 

3 3 ns k    (16) 

 

The ζ and ωn are the dumping coefficient and a natural 

frequency of a second order system, respectively. The 

value k3=40 in the Eq. (16) is selected based on detailed 

simulation of whole system. 

The recommended values of ζ and ωn are given in [5]. 

They are: 

 

 pM 16.0  (17) 

 

and: 
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where Mp is the overshoot in pu and ts is the settling time in 

seconds. Those two are the common parameters that are 

optimized in the process of adjusting the parameters of a 

controller. 

With ζ and ωn determined, the only thing left to do is to 

replace those values in Eqs. (15) and (16), calculate the 

poles of the system, and replace those values into Eq. (14). 

By comparing the Eqs. (13) and (14), the parameters of 

PID controller are obtained. 

 

IV. SIMULATION RESULTS 
 

The simulations were carried out for the torque 

regulation of a linear load and a two-mass system with 

backlash. The machines that were used for simulations are 

the ones that were used in real experiments. Linear load is 

simulated simply, by using its Torque - speed characteristic 

given with Eq. (19): 
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The reference q-axis current of vector-controlled DUT 

is a ±1 A square signal with the period of 0.8 seconds and 

duty cycle of 50%. It is assumed that there is nominal 

magnetic flux in the machine. 

Simulation results for a linear load of different inertias 

and friction coefficients are given in figure 4. Fig. 4 a) 

represents linear load with the parameters Jem = Jm and Bem 

= Bm, Fig. 4 b) load with parameters Jem = 2Jm and Bem = 

20Bm, while Fig. 4 c) shows the response of a linear load 

with parameters Jem = 5Jm and Bem = 50Bm. 
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Fig. 4.  Speed response of an emulated linear load 

The next system for emulation is the simplest two-mass 

system with backlash as described in [6]. Mathematical 

model of a two mass-system is given by the following set 

of equations: 

 emmse
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2ememdiff   (22) 

where ωem is the goal, emulated speed, Te is the driving 

motor (DUT) torque, ωem2 is the dynamometer (DYN) rotor 

speed, Text is the external torque applied to the system (if it 

exists) and Jem and Bem are the emulated moment of inertia 

and viscous friction, respectively. The following equations 

describe the backlash in the system: 

 diffass DkT  (23) 

and: 
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where ks is the elasticity of shaft, Da(φdiff) is a dead zone 

function, with α being the width of a dead zone and φdiff is a 

difference in shaft angles of the two machines. The term 

φdiff is obtained by integrating ωdiff, Eq. (22). Simulink 

model of a two-mass system is given in Fig. 5. 

Simulation of a two-mass system was carried out with 

the following parameters: 

• Fig. 6 a): Jem = Jm, Bem = Bm, ks = 2, backlash of 15

degrees

• Fig. 6 b): Jem = Jm, Bem = 20Bm, ks = 2, backlash of

15 degrees

Fig. 5.  Simulink model of a two-mass system with backlash 

Fig. 6.  Speed response of an emulated two-mass load with 

backlash. 

It is to be observed from Figs. 5 and 6 that the system is 

acting as expected, which means it is well modeled. But 

this is yet to be confirmed with the experiments. 

Experimental setup and obtained results are shown in the 

following chapter. 

V. Experimental results

The experiments were carried out according to the setup 

from Fig. 7. The emulation algorithm was developed in 

Simulink and transferred to a dSpace platform [7] which is 

used to execute it. This is so called rapid prototyping 

approach. Rapid prototyping is a great way of developing 

all kinds of control algorithms and bridging the gap to the 

practical application. After building a block scheme in 

Simulink, it can easily be translated into execution code 

and transferred to controller. Once loaded into the DSP, the 
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algorithm is ready for execution. The experimental 

software – Control Desk, also allows creating a custom 

control panel for the experiment monitoring from which the 

important variables can be observed and acquired. DSP 

system controls both drives. 

The drive under test is a vector controlled induction 

motor, while the drive emulating the load is a Direct 

Torque Controlled (DTC) drive. Same emulated load 

conditions as in simulations were used. 

Fig. 7.  Laboratory setup for the experiments 

The machines that were used are standard squirrel-cage 

induction machines. Their most important parameters are 

given in Table I. 

TABLE I 

PARAMETERS OF THE MACHINES USED IN EXPERIMENTS 

Rated power - Pn [W] 1500 W 

Rated speed - nn [o/min] 2860 o/min 

Pole pairs – p 1 

Rated phase voltage - Usn [V] 230 V 

Rated phase current - Isn [A] 3.4 A 

Stator resistance - Rs [Ω] 5.45 Ω 

Stator leakage inductance - Lls [mH] 11.8 mH 

Rotor resistance - Rr [Ω] 3.18 Ω 

Rotor leakage inductance - Llr [mH] 11.8 mH 

Magnetizing inductance - Lm [mH] 294.2 mH 

Drive total inertia - Jm [kgm2] 0.0035 kgm2 

Friction coefficient – Bm [Nms] 0.0022 Nms 

Fig. 8 shows experimental results for linear load with 

the following parameters: 

• Fig. 8 a) - Jem = Jm and Bem = Bm

• Fig. 8 b) - Jem = 2Jm and Bem = 20Bm

• Fig. 8 c) - Jem = 5Jm and Bem = 50Bm

Experimental results for a two-mass system with

backlash are shown in Fig. 9 in the following order: 

• Fig. 9 a): Jem = Jm, Bem = Bm, ks = 2, 15 degrees

backlash

• Fig. 9 b): Jem = Jm, Bem = 20Bm, ks = 2, 15 degrees

backlash.

Fig. 8. Experimental speed response of an emulated linear load 

Fig. 9. Experimental Speed response of an emulated two-mass 

load 

From Figs. 4 a) and 9 a) it can be seen that the 

experimental results do not fully correspond to the 

simulation results for the low values of inertia and friction. 

That reason for that lies in the fact that the parameters of 

PID controller do not provide exact tracking capabilities. 

The approach used to calculate those parameters utilizes 

the transfer function of an ideal PID controller, which 

doesn’t fully relate to the real one. In practice, the 

controller is realized digitally, with low pass filtration 

applied to differential effect of the controller. This part has 

high influence on the dynamics of the system and must be 

designed with great care. If this is not the case, the impact 

of unmodeled dynamics is higher, and the results obtained 

do not match the simulation results. 

For higher values of inertia and friction, conducted 

experiments give much better results. Both shape and 

maximal values of the speed response from Fig. 4 b) and c) 

are very similar to ones from Fig. 9 b) and c). Unmodeled 

dynamics do not have as high impact as before because the 

Proceedings of the 7th Small Systems Simulation Symposium 2018, Niš, Serbia, 12th-14th February 2018

81



whole system is slower. 

Similar conclusion can be made for two-mass system 

with backlash. Speed responses from Figs. 6 and 10 are of 

similar shape and values, but there is some unmodeled 

dynamics that is not compensated. Therefore, the 

parameters of PID controller should be optimized or the 

application of nonlinear controller can be a promising 

solution for better tracking. 

VI. Conclusion

In this paper, the rapid prototyping approach was used 

for dynamic load emulation. A short review of a design 

process is given in order to give initial parameters of the 

controller. The used algorithm represents a modified 

compensation method. Instead of PI, a PID controller was 

designed.  

First stage in design are simulations in the 

Matlab/Simulink software. These simulations contain all 

elements that are described in this paper and later used in 

practical implementation. Linear load with different 

parameters was simulated first. Three different sets of 

parameters were adopted and the simulation results were 

shown. After that, the two-mass system with backlash was 

simulated. Two different sets of parameters were chosen 

and the corresponding results are presented. The results 

show that the system is acting as expected. 

Experimental verification of results is depicted in 

Chapter V. The same load models with the identical 

parameters as in simulations were used. The experimental 

results show good agreement with the simulation results for 

higher values od emulated inertia and friction. For lower 

values of inertia and friction, however, the differences 

between simulations and experiment are bigger. This 

implies that there is a certain amount of unmodeled 

dynamics in the simulation model that the provided PID 

controller is not able to compensate. Further research in 

this field is required in order to improve the performance of 

a tracking controller. The experimental results for two-

mass system with backlash show the similar performance. 

Nevertheless, the whole research shows a great 

potential of the dynamic load emulation with rapid 

prototyping approach. Many different types of load can be 

emulated and tested. Switching from one type to another is 

very easy and intuitive, and only takes several minutes. 

This technique will later be used for testing of more 

advanced speed and torque controllers for motors. 
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