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ABSTRACT Multi-motor drive systems (MMDS) combine several drives that work together to fulfill one
task. Compared to conventional single-motor drive systems modular product concepts can be realized
with MMDS thanks to additional degrees of freedom. Because of their mechanical structure consisting of
several shafts, clutches, and gear pairings, complex deflection shapes arise which lead to unintended torque
oscillations.To compensate for these torque oscillations a data-driven adaptive multiple-input single-output
scheme based on two cascaded recursive least squares estimators is proposed. Here, weights (manipulable
amplitudes) for each order (multiple of a fundamental frequency) to be compensated are multiplied with
unit amplitude harmonic signals of a reference oscillator and added as reference torques to the torque
controllers of the MMDS’s drives. These weights are continually adapted by an online identification of
transfer paths and disturbances. Furthermore, the torque contribution of the individual drives concerning the
compensation task can be changed at runtime utilizing a weighting matrix as tuning parameter by analytically
solving a quadratic program with a linear equality constraint. Hence, the proposed algorithm is suitable
for automatic self-commissioning requiring only marginal expert intervention. Experimental investigations
prove the compensation capability of the approach whereby a reduction of the output torque’s total harmonic
distortion (THD) of up to 80% from 26.8% to 5.4% for a representative operation point is achieved.

INDEX TERMS Disturbance compensation, harmonic steady state, identification, multi-motor drive system,
recursive least squares, torque oscillation.

NOMENCLATURE I. INTRODUCTION

me N number of electric motors of the MMDS While more and more application-specific and customized
reN number of orders that should be compensated products are being developed, manufacturers in the drive
pi e R value of i-th order technology sector are facing increased cost pressure due to
keN time index of the overall compensation scheme  highly-globalized markets and shakeouts consolidating the
neN time index of the adaptive compensators market. Modular product concepts based on standardized
xeC complex scalar components can help to handle the manufacturer’s product
x € RY real vector complexity and cost structure [1]-[3]. Here, multi-motor drive
X € R/*¢  real matrix systems (MMDS) [4]-[9] can be a promising alternative com-
x* complex conjugate of x pared to single-motor drive systems (SMDS) thanks to a
xT transpose of x higher amount of standardized cross-over parts, see Fig. 1.
xH complex conjugate transpose of x Furthermore if a fault occurs within an SMDS component,
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FIG. 1. General structure of an MMDS (derivate of [3]).

this situation inevitably leads to a massive impairment of the
functionality or even a total shutdown of the SMDS. By dis-
tributing the rated power over several motors, the MMDS can
continue to operate at reduced power or at least be shut down
in a safe way in the case of a motor or converter fault. As a re-
sult, an MMDS has an inherent fail operational capability and,
thus, improved availability compared to an SMDS. Moreover,
for drive applications with variable output power, frequently
changing operating points and many partial load situations, a
reduced average efficiency of an SMDS compared to its rated
conditions must be accepted [3], [10]. Here, the efficiency at
partial load can be increased by utilizing an MMDS, where
only the minimum number of motors is involved to provide
the currently demanded drive power and the motors that are
temporarily not needed are mechanically and electrically de-
coupled [3].

Due to the increased number of mechanical components in
the MMDS, however, disadvantages arise as well. Because
of the MMDS’s mechanical structure different phenomena
are the root cause of significant unintended mechanical os-
cillations. These are, e.g., tooth meshing, static and dynamic
mechanical imbalances due to variations in the manufacturing
process, misalignment of rotor shafts, mechanical backlash,
and higher harmonics in the electromagnetic torque produced
by the electric motors due to a nonsinusoidal flux distribution
in the air gap. These phenomena are generally frequency-
dependent and can be interpreted as harmonic disturbances.
Often the frequencies of these harmonic disturbances are mul-
tiples of the rotational speed of the MMDS. These multiples
are often integers but can also be fractional, e.g. due to a
fractional gear ratio. If the frequency of a harmonic distur-
bance coincides with a resonance frequency of the weakly
damped mechanical structure of an MMDS, significant me-
chanical oscillations can occur. These mechanical vibrations
must be avoided as they excite the connected process via the
output shaft, leading to additional wear and tear as well as to
unwanted noise radiation.

A. STATE-OF-THE-ART TECHNIQUES

Vibration damping of mechanical structures can be classified
into two areas. One is passive damping of the structure by
adding viscoelastic materials, viscous fluids, magnetics, or
passive piezoelectrics to dissipate energy [11]-[13]. The other
one is active damping by rejecting the harmonic disturbances
with the help of an actuator and a closed-loop control [14]—

[16]. Since actuators are inherently included in an MMDS,
VOLUME 3, 2022

namely the electrical drives, which can damp or cancel har-
monic torque vibrations on the output shaft, active damping
methods are the economic choice.

Harmonic disturbance rejection is of significant interest
in the field of control engineering and a well established
research topic. For this reason numerous examples show
the successful use of a variety of methods that can be as-
signed to active damping by harmonic disturbance rejection.
These include the application within mechatronic single-input
single-ouput (SISO) systems, e.g., SMDSs [16]-[19], disk
drives [20]-[22], gearboxes [23]-[25], and furthermore the
control of power electronic devices [26], [27] or industrial
processes [28]—-[31].

A widely used method for narrow and broadband distur-
bance compensation is the Filtered-x-LMS (Fx-LMS) algo-
rithm [32]-[34], which is an extension of the least mean
squares (LMS) adaptive filter algorithm [35]. Here, the dis-
turbance must be measured and the transfer path from the
actuator to the sensor of the output measurement must be
known.

If the harmonic disturbance is not measured but its fre-
quency is known, the internal model principle (IMP) can be
applied for compensation [36]—[38]. This is based on the as-
sumption that the harmonic disturbance can be represented as
the output of a known disturbance model with an unknown
internal disturbance state. If an output feedback control loop
is used, a controller with an internal dynamic must be utilized
that contains the dynamic of the disturbance model. Another
IMP approach is the usage of a disturbance observer to esti-
mate the disturbance state and apply a disturbance state feed-
back. If the frequency of the disturbance changes, which is
the case for an MMDS, the dynamic controller or disturbance
observer must be reconfigured leading to additional computa-
tional load.

So-called harmonic steady-state (HSS) methods are an-
other group of harmonic disturbance rejection methods [23],
[31], [39]-[42]. All HSS algorithms have in common that
they assume a steady state of oscillation, which simplifies
the compensation problem, since the response of the system
to a known sinusoidal excitation is characterized by only
one complex scalar value, namely the value of the plant’s
transfer function at the particular excitation frequency. Other
HSS methods exist that adapt to a changing plant trans-
fer function by measuring the plant’s output, such that an
a priori offline system identification is not necessary [23],
[39], [40], [42]. Since HSS methods approximate the plant
via its steady-state sinusoidal response, HSS algorithms can
be classified as very computationally efficient during online
operation.

B. CHALLENGES OF MMDS TORQUE OSCILLATION
COMPENSATION

For model-based torque compensation of an MMDS a state-
space model that represents the mechanical and electrical
behavior of the MMDS with sufficient accuracy is required.
Determining this model is complicated for the following

reasons:
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FIG. 2. Control structure of an MMDS for m = 2 motors with the proposed
compensator scheme (blue parts are focused within this work).

1) The mechanical part of the MMDS consisting of con-
tinuously distributed masses and stiffnesses described
by partial differential equations (PDE) must be approx-
imated as a multibody system and lumped parameters
with ordinary differential equations (ODE).

2) Highly nonlinear effects like nonlinear mechanical fric-
tion and backlash in gear pairings make the application
of a global linear model impossible.

3) The mechanical impedance of the load must be also
modeled. Here, the mechanical impedance may also be
nonlinear and time variant which further complicate the
modeling and identification process.

4) For reconfigurable MMDS with mechanically decou-
pleable drives, it is necessary to determine one model
for each possible combination of coupled motors.
Hence, the number of required models increases expo-
nentially with the number of motors.

C. CONTRIBUTION

Instead of applying a model-based approach, a data-driven
adaptive torque compensation method is proposed. For this
reason, extensive modeling and offline system identification
for parameter estimation, which is usually based on first-order
physical principles and, therefore, includes systematic
errors, can be avoided. The proposed approach of harmonic
disturbance rejection can be classified as an HSS method
for multiple-input single-output (MISO) systems with
an integrated online identification of the plant transfer
paths and the disturbances that lead to harmonic torque
oscillations. In the case of an MMDS as MISO system, the
proposed compensation scheme calculates compensation
signals u@® = [u1(t) wu2(t) u,(t)] based on the
input-output relation between the compensation signals
as inputs and the scalar torque Tmeas(f) as output at
the shaft of the MMDS. These compensation signals
u(t) are superimposed on the mean reference torques
T;ref(t) = [Tl,ref(t) T2,ref(t) Tm,ref(t)] of the
torque controllers of the drives such that the unintended
torque oscillations disappear to highest achievable extent, see
Fig. 2. The torque Tieqs Of the shaft of the MMDS is directly
measured since for the application of a torque observer
instead of a direct measurement sophisticated disturbance and
system models of the MMDS are required. The availability of
adequate system and disturbance models for MMDS has
not yet been demonstrated and is, therefore, questionable,
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see Section I-B. Since only the torque output of the MMDS
must be measured for the proposed scheme, only one torque
sensor is required. To compensate for r harmonic torque
components of Teys(?), the harmonic reference torque signal
u;(t) for the i-th of the m drive must also contain r harmonic
components. This leads to a number of r - m amplitudes and
phases characterizing u(¢) that have to be calculated by the
compensation scheme.

The overall compensation scheme contains the following
elements:

1) Generation of sine and cosine reference signals for r
predefined orders that need to be compensated by uti-
lizing the measured rotor angle of one of the MMDS
motors.

2) Estimation of harmonic torque phasors with a recursive
least squares (RLS) algorithm on the basis of the sine
and cosine reference signals of a).

3) One adaptive compensator for each order that contin-
vally identifies the plant’s transfer paths and the dis-
turbance with the help of complex-valued RLS (cRLS)
estimators on the basis of the corresponding torque pha-
sor of b). With the help of the estimated transfer paths
and the disturbance, a weighted sum of the sine and
cosine reference signals of a) is applied as compensation
signal that cancels the torque oscillation. Furthermore,
a weighting matrix is introduced to adjust the compen-
sation torque distribution among the m drives of the
MMDS.

Since 1) and 2) are standard procedures of HSS meth-
ods [39], 3) and the application of the overall compensation
scheme on an MMDS represents the core contribution of this
work.

D. PAPER STRUCTURE

This paper is organized as follows. Section II describes the
overall compensation scheme. Here, the online identification
of the transfer paths and disturbances as well as the distribu-
tion of the compensation task between the MMDS’s drives via
tuning parameters are focused. Extensive experimental inves-
tigations for a quasi-steady-state speed ramp and a changing
distribution of the drives’ compensation task are discussed in
Section III. Finally, Section IV concludes the paper.

Il. OVERALL COMPENSATION SCHEME

A. MATHEMATICAL FRAMEWORK

Assuming steady-state torque control conditions for each
drive and up to » harmonic torques, the measured torque

,
Teas(t) = Tmeas + Z €c,; COS (wit) + €, i sin (w;t)

i=1

= T meas + Re <Z::1 ¢; exp (—jw,-t)) (1)

e(t)
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FIG. 3. Block diagram of an MMDS for m = 2 motors.

contains a constant component T meas and a harmonic compo-
nent e(t) characterized by phasors ¢; = ec; + jes ;. The angu-
lar frequency of the i-th harmonic torque is given by

(@)

wj = piw

with order number p; and the shaft’s angular velocity w. The
order numbers p; can be simply identified with the help of
a Campbell diagram and a speed ramp as described later in
Section III-B, which can be implemented as an automatic
self-commissioning process. In (1) sideband harmonics are
assumed to be neglectable and, therefore, not represented
in (2). Furthermore the torque sensor’s transfer function is
assumed to be ideal such that the measured torque on the
output shaft of the MMDS is equal to the actual torque
(cf. Fig. 3). Since the harmonic torque e(¢) is unintended,
a reference value for the harmonic torque would be zero
and, therefore, the harmonic torque e(t) is referred to as a
(control) error signal for the compensator in the remainder
of the paper. The harmonic component e(?) is caused by a
superposition of harmonic disturbances d(¢) and the com-
pensation signal u(¢) filtered by the transfer function paths
s(w)T = [s1(wi)  s5(w;) S, (w;)] from the reference
of the conventional torque controllers to the torque sensor (cf.
Figs. 2 and 3). The output signal u(z) of the compensator
contains the harmonic reference torques for the m electrical
drives. These superimpose the mean reference torques that are
provided by a higher-level control loop. Under the assumption
of linear transfer paths s(w;) the compensation signal u(z) has
to be of the following form

-
u(t) = Z W, ;i cos (wit) + ws ; sin (w;t)
i=1

3)

— Re (Xr: w}exp (—J'wit)>

i=1

to compensate for harmonic disturbances with m-dimensional
manipulable weight phasor vectors w! = w¢; + jws; and
trigonometric signals cos(w;t) and sin(w;t) generated by a

reference oscillator. Similar to the error signal e(t) and the

VOLUME 3, 2022

compensation signal u(t), the additive harmonic torque dis-
turbance d(¢) can be represented in phasor notation

,
d(t) = de;icos (wit) + ds  sin (wit)

i=1

=Re (i d; exp (—jwﬂ))

i=1

“)

with the disturbance phasors d; = d. ; + jds ;. The phasors of
the error, disturbance, and compensation signals are linked by
the following equation for every order p; which is fundamen-
tal for the formulation of the compensation scheme:

€ = Q,HS(CUI') +d;.

®)

For each order p; that has to be canceled an adaptive com-
pensator is utilized that identifies the transfer path vector
s; := §(w;) and the disturbance d; online and selects the ma-
nipulable weight vector w; in such a way that the error signal
amplitudes e; are minimized.

The overall compensation scheme contains the following
elements, which are described in more detail in the following
subsections (cf. Fig. 4):

1) Generation of sine and cosine signals with unit ampli-

tude for predefined orders p;.

2) Estimation of the error phasors ¢; with an RLS algo-
rithm.

3) An adaptive compensator for each order p; that con-
tinuously identifies the transfer path vectors §; and the
disturbances d; to choose the weight vector w; such that
the torque oscillation ¢; of the corresponding order is
canceled.

B. PHASOR ESTIMATION
The objective of the error phasor estimation is to identify
the error phasors based on the measured torque. This can
be interpreted as a transition from the time to the frequency
domain. It can be achieved by recursively solving a linear
regression problem in a least-squares sense with the help of
an RLS algorithm which is described in the following.

The torque (1) can be reformulated as a linear regression
problem

Yik] = k170 (6)

with the measured variable ¥[k] = Theas[k], the regressor
vector, that contains the known reference oscillation signals

[ cos (prelk]) |
sin (pelk])
cos (p2&[k])

sin (p2¢[k])

§lk] = , (7)

cos (p,elk])
sin (p,e[k])
1
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with ¢ as measured rotor angle of one of the MMDS’s motors
and the unknown parameter vector

T |
®)

0" =
= |€c,1 €51 €c2 €52 €c,r Esr

By utilizing the RLS method as an adaptive filter for the
phasor estimation, the parameter vector, which is defined by
the phasors (cf. (8)), is recursively corrected with each new
torque measurement. The calculations that must be executed
in each iteration can be formulated as following [43]

Plklé[k + 1]

k =
yIk] hpe + &7 [k + IPIKIEK + 11

(9a)

70

Ok + 11 = 81k + pIk] (V[k + 11— &k + 117 0[k]), (9b)
1

Plk+1]=
Ape

(I — y[kIE" [k + 1]) P[K]. (9¢)
Above, P is a matrix proportional to the covariance matrix
Cov(f, ) of the estimated parameter vector and the forgetting
factor 0 < Ape < 1is a weighting factor that assigns a lower
weighting to past measurements for smaller values of A,. In
(9a) a correction term is calculated that is used to update the
parameter vector 6 and the matrix P. An initial parameter
vector 9[0] and an initial matrix P[0] must be specified in
addition. To prevent multicollinearities of the regressors and,
therefore, a rank deficient matrix P, a persistent excitation
of the RLS must be ensured. For the chosen regressors (7)
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a persistent excitation is guaranteed and, therefore, multi-
collinearities are prevented because the regressors are linearly
independent for different order numbers p; and a time-varying
rotor angle ¢. However, at standstill and for low speed the
time variation of the rotor angle is not sufficient to ensure
persistent excitation. For this reason the compensation scheme
is deactivated when the speed of the MMDS falls under a
certain speed threshold 7. This speed threshold may be cho-
sen heuristically. Instead, it can also be calculated a priori for
given order numbers p; and a given forgetting factor A, since
the condition number of P in (9c¢), which is a measure of the
collinearity of the regressors &, depends only on the forgetting
factor and on the regressors and not on measurements of the
actual MMDS.

C. ADAPTIVE COMPENSATOR

To cancel r harmonic torque orders, r adaptive compensators
are utilized which are independent of each other. For concise
presentation, the adaptive compensator is considered on the
basis of a single order. The extension to several orders can be
realized analogously. The adaptive compensator approach can
be split into an identification task and into the determination
of optimal weights which is described in the following two
subsections. The basis for the identification of the transfer
path and the disturbance is represented by (5). Here, a steady-
state oscillation also called harmonic steady state is assumed,
i.e., the MMDS is not transiently excited by changing mean
reference torques or changing disturbances and compensa-
tion reference torques in amplitude, phase, or frequency. The
block diagram of the adaptive compensator including the plant
model (5) for one order is shown in Fig. 5.

TRANSFER PATH AND DISTURBANCE IDENTIFICATION

Since (5) is the basis for the adaptive compensator, the sam-
pling rate T, of the adaptive compensator must be suffi-
ciently low such that the system returns to a quasi-steady state
within one sampling interval after a change of the weight
vector which will transiently excite the MMDS. Assuming
that the unknown transfer paths s and the disturbances d do

VOLUME 3, 2022

not change, (5) can be represented as

efn] = w'nls +d (10)

on the slower task of the adaptive compensator with sampling
index n. In a first step, the transfer path is identified. To elim-
inate the disturbance d for the identification of the transfer
path, the difference of (10) between the time steps n and n — 1
is calculated

Ae[n] = Aw"[n]s
=) Awj[nls;

i=1

Y

with the error difference Ae[n] := e[n] —e[n — 1] and the
weight difference MH [n] := QH[n] — QH[n — 1]. The adap-
tive compensator changes only the i-th element of the weight
vector with i = mod(n, m) per time step n such that (11) can
be further simplified to

Awt[n]=0, j#i

Aeln] = Awj[nls; 12)

decoupling the identification of the elements of the transfer
path vector s. Here, (12) can be interpreted as a linear re-
gression problem with a complex known measurement Ae[n]
and regressor Aw;[n]. For every i unknown transfer path
s;, a single-weight complex-valued RLS (cRLS) is used for
solving the regression problem and, therefore, to identify s;.
The calculations that must be executed in each iteration can
be formulated as follows [35]

Awf[n]

hacoP[n — 11+ |Aw?[n]|?’

v, nl= (13a)

§[nl = §;[n — 11+ y7[n] (Aeln] — Aw;[nl3;[n —11),
(13b)

07 [n] = hacoP[n — 11+ |Aw[n] . (13¢)

Above, o; is the estimated variance of the estimated transfer
path §;. The estimated variance of the transfer path and the es-
timated transfer path itself are updated with a correction term
(13a) whereby the forgetting factor 0 < dyc < 1 gives more
or less weight to previous measurements for the identification
process similar to the case of the RLS for the phasor estima-
tion, cf. Section II-B. Furthermore initial values o;[0] and §;[0]
must be specified. It is worth noting that for the single-weight
cRLS (13) only scalar quantities appear in (13a)-(13c) which
leads to a minor computational effort to estimate 3;.

By continually identifying the transfer path vector, the dis-
turbance d can be estimated using (10) and the transfer path
estimate §

dn] = e[n] — w"[n)§[n]. (14)

OPTIMAL WEIGHT DETERMINATION
The objective of the weight selection is to eliminate the error
e[n + 1] via a suitable selection of the weight vector for the
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next sampling instant n 4 1 based on the estimates of the
transfer path and disturbance

eln+11=0=wln+ 118[n] + d[n]. (15)

However, using (15), the weight vector cannot be uniquely de-
termined in general because it is an overdetermined equation
with m unknown complex weight vector elements. For this
reason it is advantageous to minimize a weighted Euclidean
norm of the weight vector under the constraint that the error is
eliminated. This objective leads to minimal possible weighted
control effort resulting in following quadratic program with a
linear equality constraint:

r[lnif”wH[n + 11Q[nlw(n + 1] (16a)
st. 0 =wn+ 118[n) +d[n]. (16b)

Here, Q € R™*™ is a positive-definite matrix that acts as tun-
ing parameter of the compensator

qilnl 0 -0
om=| 0 @ (17)
: - ) 0
0 - 0 guln

It is advantageous to choose Q as a diagonal matrix because
its components g; can be used to adjust the participation of
the i-th drive for the compensation of the chosen order. By
increasing the value g; the i-th drive will participate less on
the compensation task and the other drives have to take over
more of it and vice versa. For example, those drives providing
arather high average torque should only contribute marginally
to the harmonic compensation to reduce power losses which
increase (approximately) quadratically with the torque de-
mand per drive.

Due to the structure of (16), an analytical and, therefore, a
computationally efficient solution exists compared to the solu-
tion that is found by iterative numerical optimization problem
solvers. This analytic solution can be found with the help of a
Lagrangian function:

d[n1Q " [n18*[n]

- — . 18
§[n1Q " [n18[n] (18)

wopt[n +1=-

Instead of using the entire optimal weight vector w,[n + 11,
only one element of the weight vector w([n] is replaced by
an element w, ;. ([n+ 1] of the optimized weight vector
otherwise (12) is not fulfilled and the transfer paths can no
longer be identified decoupled from each other. Hence, the
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Input: e[n], Q[n]

Saved variables of the previous function call:

e[n —1], wln|, win — 1], §[n — 1]

Acln] = ¢e[n] — e[n — 1],
Aw(n] = wln] — wn — 1],
3[n] = 3[n —1],

wln + 1] = w[n]

i =mod(n,3)+1,l =mod(n+1,3) + 1

T i
1 2 \

$[n] = $yln] = $3n] =

¢RLS, (Acln], Aw;[n]) | ¢RLSs (Ac[n], Aw,[n])| RLS; (Ac[n], Aws[n])

Replace i-th element of §[n] with updated estimate §;[n]

Estimate the disturbance: d[n] = e[n] — w"[n]8[n]

Solve optimization problem (16) with updated estimates 8[n], d[n] :
d[n)Q~"[n)3"[n]
3" [n]Q~'[n]3[n]

Qloqpt[n+ 1] = -

Replace I-th element of w[n + 1] with I-th element of the optimized

weight vector w,[n + 1]

Output: w.[n + 1] = Re (w*[n + 1]), w[n + 1] = Im (w*[n + 1])

FIG. 6. Structogram of one adaptive compensator for m = 3 motors of the
MMDS.

weight vector at time step n 4 1 results to

w, [n]

w;[n]
wopt,iJr] [n + 1]
Wi o[n]

wln+1] = (19)

w,[n]

The real-valued weights w., wy that are multiplied with the
reference oscillation signals, cf. (3), are than given by:

we[n+ 1] =Re (w*[n+ 11), ws[n+ 1] =Im (w*[n + 1]).

(20)
The calculation steps of the adaptive compensator including
the identification and weight selection task are summarized
with the help of a structogram in Fig. 6. For one adaptive
compensator to damp one harmonic order m single-weight
cRLS (13) must be calculated and one QP (16) needs to be
solved with (18) analytically. This results in rm single-weight
cRLS (13) and r QPs (16) that need to be solved to damp r
torque harmonics with m motors.

D. TUNING PARAMETERS
The proposed approach includes the following tuning param-
eters regarding the phasor estimation and reference oscillator:
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1) Sampling time T pe of the reference oscillator and RLS

phasor estimation

2) Forgetting factor Ape of the RLS phasor estimator.

Due to the Whittaker-Kotelnikow-Shannon (WKS) sam-
pling theorem, the sampling time 75 p must be chosen such
that resulting sampling frequency is greater than twice the
highest frequency that should be compensated. If significant
oscillations exist that are not intended for compensation with
frequencies that violate the WKS sampling theorem, two op-
tions are available to fulfill the WKS sampling theorem. Either
the signal portion with frequencies above 0.5/7; pe must be
filtered out by an analog low-pass filter, or 75 ,. must be
reduced further.

The forgetting factor Ape is used to adjust the dynamics
of the phasor estimation. Here, a trade-off between noise
suppression by a high forgetting factor and fast parameter
tracking by a small forgetting factor must be chosen. However,
the forgetting factor must be selected sufficiently small such
that the RLS parameter tracking is fast enough to return to
a steady-state estimation within one sampling interval T q
after a change of the compensation signal by the adaptive
compensators.

For the adaptive compensators the following tuning param-
eters are available:

1) Sampling time 75 4,

2) Forgetting factor Ay,

Since the underlying adaptive compensators assume a
steady state of oscillation, the sampling time 75 ;g must be
chosen sufficiently large to ensure that a change in the com-
pensation signal causes the system to return to a steady state
of oscillation within one sampling interval 7 ,q. However, in
order to be able to react quickly to operating point changes,
the sampling interval 75,4 should be chosen short. Here, a
sampling interval of roughly 3 to 5 times the slowest time con-
stant of the system seems appropriate. Although the weight
vector w,,, that defines the compensation signals is kept con-
stant for 75 o4, the mean reference torques T of the MMDS
motor drives are allowed to change with the sampling time of
the inverters. For this reason, the torque control dynamic to
fulfill the main drive task is not reduced by the compensation
algorithm.

The forgetting factor 1,q is used to adjust the dynamics
of the transfer path estimations. Here, also a trade-off be-
tween noise suppression by a high forgetting factor and fast
transfer path tracking by a small forgetting factor must be
chosen.

If the transfer paths from the individual MMDS’s drives
to the torque sensor are of similar magnitude, Q =1 is
a choice with that the individual drives participate on the
compensation task with similar magnitude. If the distri-
bution of the compensation task should be changed, this
can be done by increasing or decreasing the diagonal ele-
ments of @ at runtime. Furthermore, different weight ma-
trices Qy1,2,...r} can be chosen for each order that is to be
compensated.
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TABLE I Individual Motors of the MMDS

# | Motor Rated torque in Nm | Rated power in kW
1 | Siemens 1PH8103 | 34 6.3
2 | Siemens 1PH8103 | 34 6.3
3 | Siemens 1PH8105 | 44 8.0
4 | Siemens 1PH8101 | 23 4.3

FIG. 7. MMDS test bench with the two coupled motors (the other two are
mechanically decoupled) for the experimental investigations.

The advantage of the proposed compensation approach is
that no complex offline system identification of transfer func-
tions and disturbances is required, since these are identified
online. For this reason, no model-based controller synthesis
is intended which means that the tuning parameters have to
be determined empirically on the test bench. However, each
tuning parameter and its impact on the control approach can
be interpreted intuitively such that initial value guesses are
straightforward. A superimposed automatic tuning procedure
using numerical optimization or rule-based heuristics can be
added as well.

1Il. EXPERIMENTAL INVESTIGATION

A. EXPERIMENTAL TEST SETUP

To prove the torque compensation capability of the proposed
approach, an MMDS test bench consisting of four torque-
controlled induction motor drives (Table I), coupled via a
cumulative gear in combination with a torque sensor (KTR
Dataflex 42/1000 [44]) on the output shaft, is utilized. Fur-
thermore, a speed-controlled induction motor drive (Siemens
1PA6186), which acts as load, is mechanically coupled to the
gear’s output shaft. Fig. 7 depicts the test bench configuration.
The MMDS’s electric cabinet consists of Siemens SINAM-
ICS S120 inverter modules with integrated torque controllers.
These inverter modules are operated at a switching frequency
of 4 kHz. Furthermore a dSPACE DS1006 real-time hardware
and a related PC are connected via a ProfiBus-DP link. For
ease of flexibility during software development with MAT-
LAB/Simulink, the proposed compensator approach is imple-
mented on the dSPACE system, which sends the reference
compensation torques to the Siemens inverter modules.
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TABLE Il Tuning Parameters of the Compensation Scheme

Phasor estimation
Sampling time T5,pe 0.4ms
Forgetting factor Ape 0.98
Speed Threshold Npe 201/min
Adaptive compensator
Sampling time Ts,ac 0.5s
Forgetting factor Aac 0.9
Weighting matrix (if not specified) | Qq12,... ) 1
=]
-5 400F T T T g
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FIG. 8. Speed ramp to the nominal speed and corresponding torque
trajectories of the MMDS's shaft with and without activated compensation
scheme.

The utilized MMDS test bench offers the possibility to
mechanically decouple individual motors from the cumula-
tive gear such that motors that are not needed (e.g., due to
temporary lower torque requirement) can be decoupled in
order to increase the overall efficiency. For all subsequent
experimental investigations this possibility was used with mo-
tors 1 and 2 coupled and motors 3 and 4 permanently de-
coupled. The tuning parameters of the compensation scheme
for the following experiments are listed in Table II. The ex-
ecution time for the implemented compensation algorithm
on the utilized dSPACE DS1006-03 processor board with an
AMD Opteron single-core processor running at 2.6 GHz was
3.7 us. Here, up to four orders were compensated. Due to this
low computational demand, the proposed approach is ideally
suited for the implementation on low-cost microcontrollers as
well.

B. SPEED RAMP INVESTIGATION

In order to gain insight into the torque oscillation phenomena
of the MMDS, a speed ramp from nearly zero to nominal
speed was forced by the load machine. This allows the sta-
tionary compensation capability of the proposed approach to
be investigated, since the speed only changes slowly and thus
quasi-stationary states can be assumed. For this scenario the
two torque-controlled drives 1 and 2 of the MMDS applied
17Nm each. In Fig. 8 the corresponding speed nyvps and
measured torque trajectories of the MMDS’s output shaft
with deactivated compensation scheme are depicted. Here,
significant torque oscillations can be seen. To investigate the
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FIG. 9. Campbell diagram of the torque and speed trajectories of Fig. 8
without activated compensation scheme and marked dominant orders
(intended to be compensated).
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FIG. 10. 3D waterfall Campbell diagram of the torque and speed
trajectories of Fig. 8 with deactivated compensation scheme.

frequency content of the torque signal of Fig. 8 as a function of
the speed, a Campbell diagram of the torque and speed signals
without activated compensation scheme of Fig. 8 is shown,
see Fig. 9. Here, T meas(f) denotes the amplitude of Tieas(7)
for the corresponding frequency f at speed nymps. With the
help of the Campbell diagram, two significant resonance fre-
quencies of the MMDS can be identified at approx. 50 Hz and
approx. 200 Hz. If the lines of constant orders (lines through
the origin of the Campbell diagram) of the disturbance inter-
sect these resonance frequencies, the MMDS is excited and
torque oscillations amplify. In the Campbell diagram shown
in Fig. 9 resonance frequencies as well as orders can be easily
identified. For a better depiction of the peak heights, a 3D
waterfall diagram can be viewed in Fig. 10 which is based
on the same measurement as 9. Here, significant peaks can
be detected when the four orders p; = {11.81, 23.32, 36, 69}
intersect the resonance frequency at approx. 50 Hz and when
the order ps = 69 intersects the second resonance frequency
at approx. 200 Hz.

By compensating the orders p; = {11.81, 23.32, 36, 69}
a significant reduction of the torque oscillations can be
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FIG. 11. 3D waterfall Campbell diagram of the torque and speed
trajectories of Fig. 8 with activated compensation scheme.

achieved, see Figs. 9 and 11, especially when p; = 11.81
intersects the first resonance frequency at approx. 50 Hz and
when ps = 69 intersects the second resonance frequency at
approx. 200 Hz. Torque oscillations that arise at frequen-
cies greater than 250 Hz remain uncompensated because the
adaptive compensators were deactivated for such excitation
signals. This is caused by the rapidly increasing amplitudes
of the compensation signals with increasing frequency due
to the low-pass filter effect of the torque controller and the
mechanical inertia. Because of a software limitation of the
reference torque in the used Siemens industrial inverters, these
high amplitudes would lead to a situation where the mean
reference torque can no longer be provided. For this reason,
it is preferable to use a maximum frequency to be canceled
as threshold for the adaptive compensators. This threshold
frequency is of course dependent on the respective mechanical
system as well as the actuators and their torque controllers.

C. INVESTIGATION OF WEIGHTING MATRIX VARIATION

Due to the formulation of the optimization problem (16), one
weight matrix Q; per order p; is available as tuning parameter
of the proposed approach. With these matrices Q; the partici-
pation of the respective drives of the MMDS on the compensa-
tion task of the order p; can be changed at runtime which gives
additional flexibility. The influence of a change in the weight
matrix @Q; on the measured torque Tpeys, the instantaneous
electrical power of the induction machines py; ») measured by
the inverter modules, and the reference compensation torques
u(1,2y is investigated in the following. For this purpose, the
operating point from the previous chapter was used, at which
the highest oscillation amplitude was generated (cf. Fig. 10).
For this investigation the speed was kept constant by the
load machine at nyyps = 230 min~!. Here, only the order
p = 11.81 leads to significant excitation of torque harmonics
by intersecting the first resonance frequency at approx. 50 Hz.
For this reason, only the order p = 11.81 was compensated
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(b) Fourier analysis for the time range ¢ € [40,41] s of Fig. 12a
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(c) Fourier analysis for the time range ¢ € [—1, 0] s of Fig. 12a with
activated compensation scheme resulting in a total harmonic torque
distortion of THDT = 0.054

FIG. 12. Change of the weighting matrix Q at a constant speed of
Ammps = 230 min~"' and Fourier analysis with deactivated and activated
compensation scheme.

in this scenario. To investigate the weighting matrix’s influ-
ence, the elements of the main diagonal of Q are changed
every t =5, see Fig. 12(a). At t = 39s the compensation
scheme is deactivated which leads to a significant increase of
the torque oscillation amplitude. The compensation capability
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of the proposed method can be also proven in the frequency
domain with the help a of Fourier analysis with deactivated
compensation scheme (cf. Fig. 12(b)) and activated scheme
(cf. Fig. 12(c)). On the basis of the Fourier analysis the total
harmonic distortion (THD), which is a suitable measure to
assess the compensator’s oscillation-rejection capability, can

be calculated via
/ 2
Zh;éo Th,meas

\/ETO, meas

Here, the amplitudes 7 j meas are the harmonic components
and 7 0. meas the mean of the measured torque Tieas. The factor
V2 results, since T h.meas are amplitudes and not effective
values. By deactivating the compensation scheme the THD
increased from THDt = 0.054 to THDt = 0.268 which cor-
responds to a relative reduction of the THD of 80 % with the
proposed compensation scheme in this operating point.

For Q =1 the amplitudes of the reference compensation
torques are in the same order of magnitude, see Fig. 12(a).
This is an indication that the transfer paths s; and s, are
also in the same order of magnitude. As both drives includ-
ing their torque controllers are identical and a symmetrical
mechanical construction of the MMDS is given this seems to
be plausible. By increasing ¢g; on the diagonal of Q, the i-th
drive contributes less to the compensation task while the other
drive takes over such that the overall compensation capability
can be maintained. The value ¢; can be increased to such
extent, that from a practical point of view the i-th drive does
not participate in the compensation task at all (cf. Fig. 12(a))
which can be advantageous if the i-th drive is operated at its
torque or voltage limit. The more a drive participates on the
compensation task, the more its instantaneous electrical power
consumption fluctuates, see Fig. 12(a). However, the mean
momentary electrical power remains constant since mainly
reactive power is required for vibration compensation of the
weakly damped mechanical system. No significant increase
in power loss due to activated compensation was detected.
After a change of the weight matrix Q an increased torque
oscillation can be observed for one sampling instant n. This
is because only one of the two entries of w[n + 1] is based
on the changed weighting matrix Q[n]. The other element
of w[n + 1] is based on the old Q[n — 1] because only one
element of the weight vector w[n + 1] is updated per sampling
step. This way the decoupled identification of the transfer
paths can be maintained. By changing @, the constraint (16b)
cannot be fulfilled in general for the actual applied weight
w[n + 1] for the following m — 1 sampling instants.

THDp = 1)

D. EVALUATION DURING TRANSIENTS

In Section III-B the stationary compensation capability of the
proposed approach was shown for constant reference torques
Ty rer and a quasi-stationary speed. In order to investigate the
compensation capability also for changing reference torque
Tx’ref(t) and speed nyvps (¢), a sinusoidal reference torque of
2 Hz for both drives was superimposed to the operating point
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FIG. 13. Analysis of activated and deactivated compensation scheme
during sinusoidal speed changes due to additive sinusoidal reference
torques of the MMDS's drives.

conditions of Section III-C with Q =1, see. Fig. 13(a). The
harmonic content with the deactivated compensation scheme
of the measured output torque of the MMDS can be seen in
Fig. 13(b). Here, the desired harmonic at 2 Hz due to the sinu-
soidal reference torques and the undesired torque oscillations
at approx. 50 Hz are present. By activating the compensation
scheme the undesired torque oscillations are damped by the
compensation signals u; > and the desired harmonic at 2 Hz
remains unaffected. For more transient scenarios e.g., step-
like changes of the load torque and the reference torque of the
MMDS, the proposed approach offers no advantages, which
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is due to its steady-state assumption. Hence, the compensation
scheme can be deactivated during highly transient operation.

IV. CONCLUSION AND OUTLOOK

It has been shown that an adaptive compensation of mea-
sured torque oscillations of the MMDS is feasible for
quasi-steady-state oscillations by adding harmonic compo-
nents to the reference torques of the MMDS’s drives. For
the computation of the harmonic reference torques no time-
consuming offline system identification of the MMDS is re-
quired thanks to the online transfer path identification. This
leads to an adaptation of the compensator to quasi-stationary
operating points whereby experimentally a relative reduction
of the torque’s THD of up to 80% could be achieved. Further-
more, the contribution of the respective drives of the MMDS
to the compensation task can be configured at runtime using a
weighting matrix, which provides additional flexibility.

In the future, it needs to be investigated whether the ex-
pensive measurement using a torque sensor at the shaft of the
MMDS can be avoided. Here, cost-efficient microphones or
accelerometers placed at suitable locations in or outside the
MMDS could be promising candidates. Moreover, automatic
tuning procedures reducing the application effort are subject
to future research work.
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