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Abstract

This paper presents a straightforward method for dynamic emulation of multi-mass systems. The test
bench consists of a driving motor coupled rigidly to a load servo motor, and the torque reference of the
servo motor is controlled based on the dynamic model to be emulated. No additional measurements are
needed, but the mechanical parameters of the test bench and the torque estimate of the driving motor
have to be known. The use of the torque estimate makes it possible to avoid using any differentiations
or controller compensation terms in the emulator. The experimental results show that the emulator can
model the dynamics of the multi-mass mechanical load with a good accuracy. In addition, the robustness
against the mechanical parameter inaccuracies is good.

Introduction

In many applications, the dynamics of an electric drive depend on a complex mechanical system that
can be modeled as a multi-mass system. Experiments with such systems can be replaced with dynamic
emulation if the driving motor is connected to a controlled load machine. The torque of the load machine
is used for mimicking the dynamic behavior of the complex mechanics.

The emulation of mechanical loads for electric drives has been studied in several papers. Emulation
has conventionally been used to produce a static load for steady-state tests as in [1] and [2]. A basic
strategy for dynamic emulation is the principle of inverse mechanical dynamics (IMD), which is briefly
discussed in [3] and [4]. According to the IMD principle, the shaft speed or position of the driving motor
is measured and used for calculating the load torque for the load machine. Emulation models and results
based on the IMD principle are also presented in [2] and [5]. However, the IMD principle has some
drawbacks. It may lead to unstable and noisy results when it is used in a discrete closed-loop control
system [3]. Noise in the output is caused by derivative terms in the inverse transfer function. In addition,
an inverse model cannot be composed for nonlinear loads.

A common method to avoid the drawbacks of the IMD is to compensate speed or position control loop
dynamics and add the feedforward of inverse emulated dynamics from the speed (or position) to the
torque [3], [6] and [7]. Adding the feedforward removes the load dynamics from a compensation term,
which improves the emulation. This method preserves the dynamics of the emulated load in both open-
and closed-loop systems. In [4], the same method is studied using a position control loop. Furthermore,
it provides satisfying results in nonlinear systems as seen in [3], [4] and [6]. The method may become
complex if an advanced nonlinear controller is needed because the controller is included in the compen-



sation. [8] and [9] present a method to avoid this problem by simply removing the control dynamics from
the compensator. These papers also show successful emulation of nonlinear loads.

As mentioned before, emulation provides a practical solution for investigating different drive applica-
tions. One interesting application is an elevator, which is studied in this paper. A conventional method
for elevator control testing requires an elevator test tower, which asks for great investments and a large
amount of space. In addition, testing under different loading conditions may require a use of heavy phys-
ical masses. An elevator test tower is used for example in [10] and [11]. Publications on the emulation of
elevator systems are rare in the literature, but one implementation is presented in [12]. The paper models
an elevator system as a single-mass system and a three-mass system, from which the load torque refer-
ence emulating the system is solved and fed to a load machine. However, the accuracy of the method is
not discussed in detail. Thus, a demand for a further study exists.

This paper presents a straightforward and practical method for dynamic emulation of multi-mass systems.
The test bench consists of a driving motor coupled rigidly to a load servo motor, and the torque reference
of the servo motor is controlled based on the dynamic model to be emulated. The angular speed and
position are measured, and the electromagnetic torque of the driving motor has to be estimated. The
use of the torque estimate makes it possible to avoid using any inverse transfer functions or controller
compensation terms in the emulator, thus reducing noise problems and simplifying the method. The
emulator is applied to the dynamics of a nonlinear elevator system.

The contents of the paper are the following. First, mechanical models of the test banch and an eleva-
tor system are derived. Secondly, the experimental setup (test bench) is described. Then the emulator
is experimentally validated by measuring the frequency response and comparing it with the analytical
one. The mechanical parameter inaccuracies of the test bench are also considered. Finally, the elevator
emulator is tested in closed-loop position control.

Mechanical system modeling

In this section, first the mechanical model of the physical test bench and the emulated nonlinear dynamics
are introduced. By using the mechanical models, the torque reference for the load machine is derived.
Test bench

The experimental system consists of mechanically coupled driving and load machines. The coupling
between the machines is assumed to be rigid. The mechanical model of the experimental system can be
expressed simply as

JOp + b0y = To — T (1)

where J is the total moment of inertia of the experimental system, b is the viscous damping, 6y, is the
angular position of the rotor, T is the electromagnetic torque of the driving motor and 7j is the torque
reference of the load machine.

Emulated mechanics

The dynamical model of the emulated elevator system is derived in this section. The elevator is modeled
as a three-mass system as shown in Fig. 1. The system model consists of the masses of the cage m1 em
and the counterweight 12 ¢r, and the inertia of the sheave Jen,,. The ropes are modeled to be elastic [10].
The mechanical dynamics of an elevator can be described by five equations:

Jemérn + bemém = Te - RemFsl,em - RemFSQ,em (2)

Fsl,em = kl,em(Remem - xl,em) + Cl,em(Remém - iLem) (3)
FsQ,em = k2,em(Rem0m - x?,em) + CQ,em(Remém - x'2,em) “4)
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Fig. 1: The emulated elevator system.

ml,emil,em = L'sl,em — M1,em9d (5)
m2,em5&2,em = I's2,em T M2,emd 6)

where Fi1 om and Fyo ony are the forces acting on the elevator ropes, and Ry, is the radius of the sheave.
The spring constants k1 em, k2 em and the damping constants ¢ em, ¢2,.em Of both-side ropes depend
linearly on the displacement of the cage x1 e, oOr the counterweight x2 or,. The dependencies are given
by

kl,em = kx,emxl,em + kOl,em (7)
k?,em = _kx7emx2,em + kOQ,em (8)
Cl,em = Cx,em®1,em 1 C01,em 9
C2.em = —Cx,em®2em + C02,em (10)

where ky em, k01,em and ko2 em are spring constant parameters, and cx em, €o1,em and 2 em are damping
constant parameters.

The torque reference of the load machine can be derived from (1) and (2)—(6). The result is

J J J
’T] = <1 — > Te + 7Rem(Fsl,em + Fs27em) + (J

Jem Jem em

borm — b) Om (11)

The effective height of the emulated elevator system is 50 meters. The system parameters were down-
scaled to meet limitations of the test bench. The downscaled constant parameters of the emulated elevator
system are presented in Table 1.



Table I: The parameters used in the elevator system emulation.

Parameter Value
Sheave inertia .J,,,, (kgm?) 0.044
Viscous damping bep, (Nms) 0.02
Counterweight mass 12 em (kg) 9.6
Mass of the empty elevator cage 1m1 em,0 (Kg) 6.4
Radius of the sheeve Rep, (m) 0.25
Rope spring parameter £y em (N/m?) —39.76
Rope damping parameter cy em (Ns/m?) —0.1485
Total inertia of the experimental system (nominal) J (kgmz) 0.02
Viscous damping of the experimental system (nominal) b (Nms) 0.02

Table II: Case dependent elevator model parameters.

Parameter Case 1 Case 2
ko1 ,em (N/m) 2012 3006
ko2,em (N/m) 4000 3006
co1,em (Ns/m) 34 7.1
c02,em (Ns/m) 10.8 7.1

m1em (kg) 12.8 9.6

T1,em (M) € [0,50] [—25,25]
Z2.em (M) € [0,50] [—25,25]
Om (rad) € [0,200] [—100,100]

It is to be noted that in (7)—(10) the slopes of the linear dependencies will be the same all the time, but
the initial parts and the coordinate system depend on the selected initial positions of the elevator cage and
the counterweight. Two cases are studied in the following. In Case 1, the initial position of the elevator
cage is downstairs and the elevator cage is full (m1 em = 12.8 kg). In Case 2, the initial position of the
elevator cage is in the middle of the operating region and the elevator cage is half full (m1 ery = 9.6 kg).
The case dependent parameters are presented in Table II.

Experimental setup

The test system consists of two mechanically coupled permanent magnet synchronous machines
(PMSMs) and two frequency converters, which are controlled by a dSPACE DS1103 PPC digital con-
troller. The basic structure of the experimental setup is presented in Fig. 2. The driving motor is a 2.2-kW
six-pole PMSM. It is fed by a frequency converter and the control of the motor is based on rotor-oriented
vector control. The rated torque of the driving motor is 14 Nm. The bandwidth of the current control
for the tested machine is selected to be 225 Hz, which is significantly higher than the highest resonance
frequency to be emulated. A pulse encoder is used as a feedback from the driving machine to produce
the angular position information that is sampled with 2048 pulses per revolution. The angular speed
is calculated from the measured angular position difference within the fixed sampling interval of 200
us. The desribed method causes quantification noise especially at low rotational speeds, and it is of in-
terest to see how sensitive the emulation method is to the quantification noise.! The load consist of a
PMSM servo drive that uses an ABB BIVECTOR 535 25 frequency converter. The rated speed and
the continous stall torque of the load motor are 3000 rpm and 21.5 Nm, respectively. The load motor is
torque-controlled, and the reference is calculated in the DS1103 from where it is fed to the converter as
an analog signal.

'By using more advanced signal processing algorithms, the noise level of the measured angular speed could be reduced.
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Fig. 2: Experimental setup. 7,1 and uq are the motor currents and the DC-link voltage, respectively. 77 is the load
torque reference for the load machine.

Model validation

In this section, the nonlinear emulation model, consisting of (2)—(11), is validated by measuring its
frequency response and comparing the result with the analytical frequency response. The frequency
responses are measured from the electromagnetic torque of the driving motor to the angular speed of the
motor.

Because the frequency response technique is applicable only for linear systems, the analytical frequency
response is formed for the linearized system. For the experimental frequency response, a sine wave is fed
into the control system as a torque reference 7, ;of. The frequency of the sine wave varies from 1.6 Hz to
17.5 Hz with a resolution of 0.08 Hz. Each frequency is fed for 20 periods and the data, 7; and O, are
recorded when the system is fully woken. These signals are transformed into the frequency domain by
the discrete Fourier transformation (DFT) [13] in order to find the gain and the phase shift of the signals.
The amplitude of the reference sine wave is 3 Nm at every frequency. For the experimental frequency
response, the gravitation is also neglected to avoid the need of controller for the compensation of mass
imbalance.

In order to study the emulator robustness against the experimental system parameter (J and b) uncertain-
ties, the frequency response is measured for the cases where one of the parameters is 15% over estimated
or under estimated, while at the same time the other one is kept at its nominal value.

In Case 1, the parameters are selected to produce two resonances and two anti-resonances. As can be
seen in Fig. 3(a), the emulator generates the dynamic bahavior of the elevator successfully. It is worth
noticing that the resonance frequencies are lowered if the total inertia of the test system is estimated to
be too low. On the other hand, the resonances are at too high frequencies if the total inertia of the test
system is estimated to be too high. However, the errors in the dynamic behavior are not significant. It can
be concluded that the emulator robustness against the total inertia uncertainty is good. An incorrect value
for the estimate of the viscous damping b has a minor effect on the emulation accuracy. These results are
not shown here.

In Case 2, the cage and the counterweight have the same antiresonance frequency. Therefore, only one
resonance and anti-resonance occur as seen in Fig. 3(b). The emulator again provides a successful fre-
quency response. The robustness against the parameter uncertainties is similar to Case 1.
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Fig. 3: The measured (solid lines) and the analytical (dashed line) frequency responses from electromagnetic torque
of the driving motor to the angular speed of the motor: (a) Case 1, (b) Case 2
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Fig. 4: Estimated motor torque (solid line) and measured motor speed (dashed line): (a) resonance frequency is fed
to the system, (b) antiresonance frequency is fed to the system.

Fig. 4(a) shows the response of the emulator system when a sine wave at the resonance frequency is
used as a torque reference, and Fig. 4(b) shows the response of the emulator system when a sine wave
at the antiresonance frequency is used as a torque reference. It can be clearly seen that at the resonance
frequency, the system has a high gain and no phase shift. At the antiresonance frequency, the system has
almost zero gain.

Operation under position control

In this section, the operation of the emulator is studied when the emulated elevator system is position
controlled. First, a simple rigid body control is designed, and then the elevator system is driven from
upstairs to downstairs with two different elevator cage masses.
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Fig. 5: Position controlled elevator system. wyer and aef are the motor angular velocity and acceleration references,
respectively

Control design

A cascaded position control structure is designed for the elevator system. The control structure is shown
in Fig. 5.

The speed control loop is first closed. Because the main focus in this work is not in the field of control
design, a simple internal model PI-controller design technique (IMC) for rigid body systems is used here
[14]. The transfer function of the PI controller C\ (s) is given as

Cy(s) = kp + % (12)
In the IMC design, the total inertia Jio of the system, the viscous damping bey, of the system and the
chosen bandwidth ag of the closed speed control loop are the design parameters. The total inertia can
be estimated to be at least Jiot = Jom + (M1.emo + M2.em) B2, = 1.044 kgm?. The motor angular
speed and angular position are selected as the feedback signals according to Fig. 5. Because of the
antiresonance behavior, which can be seen in the motor-side, it is in a favour of a good control design
to set the bandwidth of the closed-loop control system below the lowest antiresonance frequency, which
exists in the motor-side (in this case below 2 Hz). For the speed control, the bandwidth of 1 Hz is selected.
With these selections, the parameters of the speed controller in (12) can be selected as k;, = aJior and
ki = asbm,em. Because of the noise caused by the quantification of the speed and position measurement,

the speed error is filtered using a first-order low-pass filter with the cut-off frequency of 200 Hz.

After the speed controller is designed, the outer position control loop is to be closed. Let us use pure gain
as a position controller: Cp,(s) = kpp. If the gain kp, = /4 is selected, the closed position control
loop will have a bandwidth of /3 and it will be critically damped. Furthermore in order to get better
reference tracking capability, a simple acceleration feedforward Tycc & = Jiot Qurer 15 used.

Measurements

The operation of the emulated elevator system is tested during typical elevator motion. In Case 1, the
elevator cage is initially downstairs, and it is driven upstairs to see the operation during the upward
motion. In Case 2, the elevator is initially in the middle of the operating area, and it is first driven up.
After a short recovery time it is driven downstairs to also see the operation during the downward motion.
The desired position trajectories of the elevator cage for Case 1 and Case 2 are shown in Figs. 6(a) and
6(b), respectively. To produce the reference trajectories shown in Fig. 6, the references for the position
control system are selected according to Table III.
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Fig. 6: Elevator cage position trajectories for the motion control tests: (a) Case 1, (b) Case 2.

Table III: Motor reference trajectory values for motion tests.

Parameter Case 1 Case 2
Motor angular position 6,..¢ (rad) 0—200 00— 100— -100
Motor angular velocity wy.ef (rad/s) 12 12
Motor angular acceleration and deceleration a.qf (rad/s?) 5 5
Motor angular jerk ci¢ (rad/s?) 8 8
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Fig. 7: Measurement results for Case 1: (a) estimated electromagnetic torque of the driving motor (black line) and
emulated elevator cage velocity (gray line), (b) torque reference of the load machine (black line) and measured
angular velocity of the driving motor (gray line).

In Fig. 7(a), the estimate of the electromagnetic torque of the driving motor and the emulated velocity of
the elevator cage are shown for Case 1. In Fig. 7(b), the torque reference for the load machine and the
measured speed of the driving motor are shown for Case 1.
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Fig. 8: Measurement results for Case 2: (a) estimated electromagnetic torque of the driving motor (black line) and
emulated elevator cage velocity (gray line), (b) torque reference of the load machine (black line) and measured
angular velocity of the driving motor (gray line).

It can be seen in Fig. 7 that an offset torque occurs. It is caused by the mass imbalance between the
elevator cage and the counterweight. It should be noted that low-frequency oscillations occur during the
first 7 seconds, because of the existence of the lower resonance frequency at the initial position of Case
1.

In Fig. 8(a) the estimate of the electromagnetic torque of the driving motor and the emulated velocity of
the elevator cage are shown for Case 2. In Fig. 8(b) the torque reference for the load machine and the
measured speed of the driving motor are shown for Case 2.

It can be seen in Fig. 8 that now there is no offset torque since the elevator cage mass is equivalent to
the counterweight mass. No low-frequency oscillations occur initially, because only the higher resonance
frequency exists at the initial position of Case 2.

It is worth noticing that despite the high noise level in the estimated electromagnetic torque and particu-
larly in the measured angular speed (because of the encoder quantification noise), the noise level of the
load machine torque reference is still acceptable. Based on the measurements, it seems that the noise
sensitivity of the emulator is good.

Conclusions

A straightforward method for the dynamic emulation of multi-mass systems was presented in this paper.
The emulation method is capable of correctly generating the dynamics of the modeled nonlinear system.
The validation also shows that the emulator has a good robustness against the physical parameter uncer-
tainties. Operation under position control also gives good results and shows that the emulation method
is not very sensitive to the quantification noise, caused by the angular position and speed measurements.
Thus, the emulator can be used in drive control testing, and no real mechanics of the system to be tested
are required. The emulator can be easily modified to mimic different mechanics, and it allows the emu-
lation of different parameters and load conditions. Therefore, the setup offers a versatile instrument for
drive testing and control design.
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