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Abstract—In this paper, the application of model predic-
tive control (MPC) for torsional vibration suppression and
shaft torque limitation control in the elastic drive system is
demonstrated. Standard MPC is converted to fast explicit
MPC (EMPC) to solve its difficult online implementation is-
sues. Constraint condition of shaft torque limitation control
is first proposed through theoretical derivation, implying
that the responses of shaft torque vary with the changed
critical value of shaft torque, but the limitation function
can still be available. Eventually, the EMPC-PI switching
control is used for the application of shaft torque limita-
tion control into the typical drive successfully, which can
significantly reduce the amount of data storage, closer to
practical industrial applications. Meanwhile, the advantage
of eliminating the steady-state error provided from the PI
controller can further enhance robustness of the system,
compared with the pure EMPC controller. The switching
criterion is based on the speed hysteresis value, which can
be properly adjusted under different circumstances. Sim-
ulation and experimental results of speed step responses
verify the EMPC-PI switching controller as a more effective
approach compared with the Pl controller designed by
pole-placement method.

Index Terms—Constraint condition of shaft torque lim-
itation control, drive system, explicit MPC (EMPC)-PI
switching control, mechanical resonance, model predictive
control (MPC).

[. INTRODUCTION

ODERN industrial drives are required to present rela-

tively high dynamic properties. However, torsional vi-
bration caused by elastic transmissions affects the drive system
performance significantly [1]. The torsional characteristics of
the mechanical coupling lead to the increasing of angular vi-
brations of the shaft. Excessive shaft twists and poorly damped
torsional vibrations will beyond the shaft’ s tolerance, which
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may lead to the risk of poor system performance, and system
instability, and in some cases, the accident such as shaft
breaking will occur [2].

In an attempt to overcome these challenges, there are a
number of proposals have been developed that can be divided
into two categories: passive and active. Passive mode refers
to the application of the notch filter [3]; Active mode can be
categorized into basic PI control (two degrees of freedom PI
control, RRC [4]), state feedback control based on PI, and other
advanced algorithms [5].

The most popular classical method is PI control in the speed
loop. Various design approaches for tuning the PI parameters
have been reported [6]. These algorithms are simple, well
established, and accepted by industry. However for the con-
stricted poles’ location of the closed-loop system, this method
fails to shape the system response and suppress the torsional
oscillations simultaneously.

In order to improve system’s response to the state variables,
based on a suitable location of the closed-loop system poles,
the application of the feedback from the corresponding state
variable is necessary. As shown in [7], the inclusion of one
additional feedback (the estimated shaft torque) is proposed.
Using motor acceleration, this method is commonly referred
to as resonance ratio control (RRC). However, in this case,
the settling time of the step response cannot be set randomly
by choice of the feedback gains, and better results can be
obtained using all system feedback variables [8]. Still, the direct
feedback from these signals are often impossible because of
the difficult and costly measurements, which need more state
observers of immeasurable variables [9].

In spite of the successful vibration suppression of the state
feedback method, the authors acknowledge the loss of dynamic
performance. More sophisticated control paradigms can be
adopted to allow a free pole placement of the closed-loop con-
trol and, thus, a theoretically free choice of the system dynam-
ics, but they are not yet popular in industrial applications [10].
The application of the sliding or the fuzzy control [11] increases
the robustness of the drive system to parameter variations. A
strategy based on a self-tuning regulator and nonlinear Kalman
filter is proposed in [12]. A robust predictive patch is proposed
in [13], [14] to ensure system’s safety. The essence of this patch
is to calculate the maximum robust control set of variables
within the scope of allowable state variables. With the patch, all
the existing physical and safe limits of the states are realized.
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The most commonly used method to deal with bounds on
the state variables in control system is MPC [15], [16]. MPC
methodology relies on incorporating the drive’s safety and
physical limitations as the control objectives directly into the
control problem formulation so that future constraint violations
are anticipated and prevented. In order to reduce the amount of
online computation, the standard MPC controller is simplified
as its explicit form [17]. The resulting explicit MPC (EMPC)
controller achieves the same level of performance as the con-
ventional MPC, but requires only a fraction of the real-time
computation, thus leading to fast and reliable implementation.
As shown in [18] and [19], EMPC is used as the speed and
position loop controller, respectively, directly outputting the
optimal electromagnetic torque to achieve limitation control
of the speed, shaft torque and electromagnetic torque. In [20],
the constraints of the current and voltage in the controller are
enforced with EMPC. The novelty exists in adding an integrator
of the angular speed error outside of the controller, to solve the
typical problem of MPC dealing with unmeasured disturbances
and parameter mismatch. Also, a low-pass filter in the speed
feedback is introduced not only to filter out high-frequency
noise coming from the resolver/encoder or to account for some
unavoidable effects like time delays in the measurement.

In [21], it is shown that the variation of the system parameters
does not weaken the ability of the MPC controller to handle the
physical and safety constraints of the drive during operation.
However the MPC control structure is not so robust with respect
to the shape of drive speed transients. Kalman filter is employed
to observe the system states in the EMPC system [21]-[23],
which can increase the robustness of the drive system against
plant parameter variations such as the natural angular frequency
of the system, the load inertia, shaft stiffness, electromagnetic
torque and shaft torque. A robust MPC controller is designed
with suitable selection of the elements of the covariance ma-
trices Q and R in speed loop and position loop, respectively
[24], [25]. The methods are Generalized Pattern Search and
Genetic Algorithm. They all concluded that the shapes of the
load speeds for different values of load machine are almost
identical. In addition, the set control constraints of the shaft
torque are not validated.

In spite of the amount of EMPC online computation that can
be reduced, due to its high requirements for the control module
memory, EMPC applications to electrical drives are still largely
constricted [26]. Rapid control prototype such as dSPACE 1104
HIL system is still needed in all the EMPC-controlled practical
applications aforementioned, to make the algorithm success-
fully implemented in the real systems [18]-[25]. This method
applies upper computer to control the hardware platform di-
rectly, making it impossible for the simple implementation in
the typical drive, which has brought a lot of limitations for the
application in industrial conditions.

There are two novelties in this paper: the first one is the
proposal and verification of the constraints for shaft torque
limitation for the first time. There existed a shaft torque am-
plitude limitation critical value, when the preset shaft torque
limiting value 7', is less than or equal to this critical value,
the shaft torque will output its preset value during the system
operation; when T, is bigger than the critical value, the shaft

%m QG T g p T LuCa T
[ems T I 12

\ N

@,(7)

@,(t)

Fig. 1. Schematic of the two-mass elastic system.
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Block diagram of the two-mass elastic system.

Fig. 2.

torque will oscillate. The second contribution of this paper is the
realization of EMPC-PI switching control with no requirements
for advanced hardware platform which can be applied in real
typical drives and further enhanced the practical application of
prediction algorithm.

This paper mainly deals with the mechanical resonance and
system safety problems in the two-mass system with an elastic
coupling. It is organized as follows. The mathematical model
of the drive system is analyzed in Section II, and then the
algorithm is simplified to design the EMPC controller to solve
the online implementation issue in Section III. Section IV
makes the main contribution of theoretical derivation of the
constraints for shaft torque limitation control. In Section V, the
novel EMPC-PI switching control is investigated, which is suc-
cessfully implanted in the PMSM drive system. Simulation and
experimental results confirm that the controller can guarantee
both dynamic performance and safety of the system.

Il. MODEL OF THE TWO-MASS ELASTIC SYSTEM

In many cases, the drive system can be simplified to a two-
mass motor/load system with an elastic coupling. The mechani-
cal coupling is treated as inertia free. So the drive system under
consideration is schematically shown in Fig. 1.

In this schematic, the motor and actuator are coupled by
the transmission system with finite stiffness K and internal
damping D. When the shaft torsional deformation exists, the
shaft will generate a torsional torque T, which is affected by
the angle difference between the motor and actuator, as well as
the mechanical damping. Electromagnetic torque 7, and shaft
(torsional) torque 7T act together on the motor (the moment of
inertia J;, damping coefficient C7). On the other hand, T and
load torque 77, work together on the actuator (the moment of
inertia J5, damping coefficient Cs), deciding its speed.

Based on the theoretical analyses aforementioned, the system
is described by the following differential equations:

J10, =T, — C10, — T,
Joly = Ty — Cafy — T,

Ty = D(fy — o) + K (61 — 02) )
w1 = 91
Wy = 92.
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Fig. 3. Schematic of MPC.

Since frictional effect is usually considered to be relatively
small in most industrial systems, by putting C; = C3 = 0 in
Fig. 2, the block diagram of the mechanical model is obtained.

Ill. VIBRATION SUPPRESSION AND SHAFT TORQUE
LIMITATION CONTROL BASED ON MPC

MPC is also known as receding horizon control, dynamic
matrix control and generalized predictive control. It is also a
feedback control strategy, which has been widely discussed in
recent years.

Originating from industry, predictive control intends to solve
constrained optimization of multivariable control problems
which are not easy to be implemented with PID control. Theo-
retically, MPC can handle constrained optimal control problems
in time-varying or time-invariant, linear or nonlinear, time-
delay or nondelay systems, which has made it a very effective
method.

A. Principle of MPC

As shown in Fig. 3, at the moment of k, the measured
output y(k) is obtained from the control system. Meanwhile,
a dynamic model is applied to predict future response of the
system. The state-space model is used as an example.

MPC design requires a discrete-time model for a correct
approximation of the fastest dynamics to predict the evolution
of the system. The state-space form is described in

z(k+1) = Az(k) + Bu(k)
y(k) = Cx(k) 2)

where x(k), u(k), and y(k) denote the state, input, and output
variables, respectively. Since (2) is a difference equation, x (k)
is needed as the starting point of predictive state in calculation
and is estimated by a state observer

k+N,,
J(@(k),U) = > (r(i) — yw, (ilk))”
i=k+1
Np No-1
- sz.;-i\kakJrﬂk + Z ufRupyi. (3)
=0 i=0

The purpose of the control is to find the optimal control input,
to make the system output yy, follow the desired output, i.e.,
the reference input {r(k +1),7(k +2),...,7(k + Np)}. For
this purpose, a simple formulation of optimal cost function is
expressed by the cumulative error, which is described as (3),

where () and R are positive-definite weighting matrices, IV, and
N, denote the prediction and control horizons, respectively. In
addition, control input Uy = {u(k|k), u(k + 1|k),...,u(k +
N, — 1|k)} is exactly the independent variable to be solved in
the optimization problem. In other words, the aim of the control
strategy is to decrease the area of the shaded part in Fig. 3 to
the biggest extend, whereas satisfying the system constraints of
outputs and inputs

Umin S u(k + Z) S Umax,

Ymin é y(k + Z) S Ymax;

1 >0
©>0. “)

Then, the aforementioned question can be described as the
following optimal control problem:

Question 1 I%inJ (x(k), Ug) -

k

Thus, the basic principle of MPC can be summarized as
follows: At each time step k, the latest obtained measurements
are used to refresh optimization Question 1, that is the MPC
controller chooses the best control input signal to optimize
future plant behavior while respecting the system input/output
constraints by minimizing the given cost function. Once the op-
timal input sequence has been computed, only the first sample
will be applied to the physical system.

Substituting x = Az, + BU into (3), the MPC problem
can be solved by the quadratic programming

V(z(k) = z(k) Yo (k) + H}]in {UTHU + 2x(k)" FU}
subjectto GU < W + Ex(k) 3)

where H = BTQB+ R, F = ATQB,Y = ATQA.

The implementation of the MPC controller amounts to solv-
ing (5) online in a receding horizon fashion. However, the
computational effort should be taken into consideration when
applying MPC into practice. EMPC offers a way to system-
atically subdivide the parameter space into polyhedral regions
and obtain the associated affine control law as a kind of offline
computation form, where the optimizer is given as a piecewise
affine (PWA) function, which can significantly reduce the on-
line calculation time.

Introducing z = U + H 'FTz(k), optimization problem
(5) can be transformed into the following form:

V (2(k)) = min 2" H 2

z

subjectto Gz < W + Sx(k) (6)

where S = E + GH 'FT. Indeed, in the case of a linear sys-
tem with constraints and a quadratic cost function of the state,
the optimization problem suits KKT conditions [21] combined
with active set method for solving a multiparametric quadratic
program. In particular, the multiparametric toolbox (MPT) for
Matlab is efficient enough to solve the optimization problem,
where the explicit lookup table is automatically generated,
leading to faster and more reliable implementation.
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Fig. 5. Two-mass drive system control structure with the EMPC
controller.

In each region of the state space, the control law can be
expressed as the following form, and then the optimal control
solution is obtained with a small amount of computation:

where i is the index of the region and the matrices F; and G;
are the results of the optimization algorithm described in (6).

Fig. 4 shows the whole computation process of the EMPC
system, making it possible to execute the algorithm fast enough
to fit the typical electrical drives.

B. EMPC Design Based on the Two-Mass
Elastic System

This section outlines the procedure for designing the EMPC
law for the considered two-mass drive system, which can
achieve better vibration suppression and shaft torque limitation.
The block diagram of the overall control structure incorporating
the EMPC controller is schematically shown in Fig. 5.

The Luenberger state observer is designed by the pole place-
ment method. After verifying the observable of the system, on
the basis of recursion formulas of Luenberger state observer,
the pole of the observer is assigned as 0.8, which enables a
stronger antidisturbance ability of the observer and finally gains
the feedback gain matrix.

For the purpose of obtaining the EMPC control law and
satisfying the requirements of system constraints, all the

parameters that affect the result of the optimization, such as the
reference speed w,. and the load disturbance 77, must generally
explicitly be part of the controller states, which can be achieved
by defining the following augmented model:

wl 0 0 —Jl 0 0 w1 Jl
CUQ 0 0 JQ _J2 0 w2 0
T,|=|K; —-Ks 0 0 O||T|+|0]|T.. (8
Ty 0 0 0 0 of|TL 0
Oy 0 0 0 0 0||wr 0

Then, EMPC law is designed according to the required
optimization objective to achieve better dynamic performance
and transmission safety. In order to prevent the produced motor
torque from exceeding its maximum allowable value, the fol-
lowing physical constraint is introduced, where T', incorporates
the physical limit of the drive power converter:

IT.| <T.. 9)

A critically important requirement for drive’s safety and
long-term reliable operation is to prevent excessive shaft twists
which may occur during the drive transients. In principle, the
maximum torsional stress values undertaken by a shaft must be
considerably smaller than the ultimate tensile stress limit of the
shaft and less than the yield stress limit of the material. This is
addressed by imposing the safety constraint

7| <T.. (10)

In this paper, T'; is used as a design parameter to demonstrate
the constraint handling capability of the proposed EMPC and to
study its impact on the closed-loop performance.

To solve the constraint problem the system required, N, and
N, should be properly selected. Ideally, it has to be chosen
long enough to include the most relevant part of the system.
Unfortunately, large prediction horizons might unavoidably
require a large number of control moves to be available in
the controller, thus greatly impacting on the computational
complexity of the algorithm. In this paper, the state variables
are predicted using a 7 ms prediction window and the control
input is calculated over 0.5 ms intervals. The control horizon
N,, which is the number of steps after which the input signal
is considered steady when predicting the future response of the
system, is set to be 3

Np=14 N, =3. an

The proper selection of cost function is of great importance
to the system performance. In this context, in the order of
importance according to the target, the speed reference tracking
error should be penalized more heavily than the error caused
by the shaft-load torque imbalance, which can be addressed by
defining the following error variables:

Y1 = w1 — Wr

yo =T, — Tp. (12)
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Fig. 6. Simulation results of speed and torque step response based on EMPC. (a)—(c). Motor speed and load speed. (d)—(f) Electromagnetic torque
and shaft torque. (a) and (d) Ts = 2. (b) and (e) Ts = 4. (c) and (f) Ts = 6.

The desired closed-loop performance can be achieved by ma-
nipulating the values of the input and state weighting matrices
R and Q. The state weight can also be transferred to the output
weighting, which can be set as follows:

0

Q=ctQ,C Qy—[g 04 R=2x10"% (13)

The EMPC controller computed with MPT toolbox returns
a solution of the polyhedral regions and the associated affine
control laws defined on a 5-dimensional state space partition.

Simulation studies working with the EMPC controller are
conducted by MATLAB/Simulink and the parameters are
shown in Table II. The reference value is set to 100% of the
nominal speed (200 rad/s); electromagnetic torque is selected
two times of the nominal torque; the load torque of friction type
during operation is 0.8 N-m.

The simulation results where the shaft torque constraint is
set to be 2 N-m, 4 N-m, and 6 N-m, respectively, which can
be shown in Fig. 6. Theoretically, the system with EMPC
controller ensures free configuration of the closed-loop poles
location, so does the design of mechanical characteristics.

As shown in Fig. 6(a) and (d), due to the tighter bound on
the shaft torque variable as the case of 2 N-m, it decreases
much faster in order to maintain the shaft torque response
within the safe region. The tighter the shaft torque constraint
is, the smaller the deviations between w; and wo will be. The
electromagnetic torque and shaft torque both approach the hori-
zontal line in two stages, namely the system provides maximum
acceleration to keep the motor and load speed basically follow

the set-points and ensure a perfect dynamic performance of the
system.

Then, the drive system with a bigger value of shaft torque
constraint as 4 N-m is tested in Fig. 6(b) and (e), which
indicate a faster dynamic performance. On the basis of perfect
vibration suppression, the system can show good dynamic
characteristics.

IV. CRITICAL VALUE FOR SHAFT TORQUE
LIMITATION CONTROL

Due to the ultimate goal of speed control in the two-
mass drive system is speed tracking, i.e., we — w1, dws/dt —
dwy /dt, the following relationship between the electromagnetic
torque and shaft torque should be naturally formulated:

t t
1 1
I/m—nwzz/m—nw (14)
0 0
Torry=Lo -1 (15)
Jl e s _J2 s L)-

Furthermore, the two equations aforementioned can be
rewritten as the simplified form, where R represents the inertia
ratio between the load and the motor

R+1 1
P 16
7 s gl (16)
t t
R/@—EW:/@—Hﬂt (17)
0 0



6860

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 62, NO. 11, NOVEMBER 2015

250 250 250 250
200 200 7 200 200
5 150k @ @, = 150 2 o S 150} ! S 150
"§ 2 \E, / 2 5 w, / 2 @, _7 o,
§ 100 §' 100 §100 $'100 4
§ s / § / s /
50 50 50 50
0 005 01 0.15 0.2 0 005 0.1 0.15 0.2 0 0.05 0.1 0.15 02 0 0.05 0.1 0.15 0.2
time (s) time (s) time (s) time (s)
(@) (b) (© (d)
8 10
8 8
1 <STEENm <7, Z8N-m 8 1=
«—T;=72N-m T, =8N..m
7, 7° ¢ MM Ty oséille T 4 \
z {r Z 4 Tyoscillate z 4 t— mid-value: 4.4N.m z 5 T.=6N-m
' < S mi 2 < VLUV Sl
N2 Ty=4N-+m| & *— mid-value: 3.2N.m = max-value: 6N+.m =~
= =2 ; =2 : N
0 max:valte: 4N+m frequency: 1. 10HZ 2
0 frequency: I35Hz 0 4
2 6
0 005 0l 0.15 02 0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
time (s) time (s) time (s) time (s)
(© ® (8 (h)
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(d) and (h) Forthe case of R =1, T, = 4, Ts = 6.

The corresponding relationship between the electromagnetic
and shaft torque is given as (16), and particularly, when the
load inertia is equivalent to the motor inertia, together with the
ignored disturbance torque, the simplified proportional relation
formula is emerges

T, = 2T. (18)

Since the ultimate goal of the EMPC algorithm is to achieve
both the speed tracking and the shaft torque limitation con-
trol, it makes this strategy explicitly incorporate the corre-
sponding state constraints into control problem formulation.
Unfortunately, it will certainly bring constraints to the theoreti-
cal deduction (16), and coincidentally meet with (17) as a geo-
metric relationship practically. Hence, the following conclusion
is derived:

T, oscillate at

RT ATy
R+1

if T, > 8Lt

R+1 (19)

mid-value:

max-value: T's

frequency: fyr

where fy7 is the natural torsional frequency in the two-mass
elastic system.

Conclusively, the time-domain response of the electromag-
netic torque and shaft torque should satisfy (16) and (17)
simultaneously, to complete the expressed speed tracking and
shaft torque limitation control required by the system.

The corresponding response of electromagnetic torque and
shaft torque can be deduced from formula (19), which is exactly
the same with the result in Fig. 6. When 7', is smaller than the
critical value of shaft torque, the amplitude limiting function
can be guaranteed, which are shown in Fig. 6(d) and (e). When

T, is bigger than the critical value of shaft torque, shaft torque
response will oscillate with the critical value 4.4 N-m as the
mid-value, the preset shaft torque limit 6 N-m as the max-value
and the natural torsional frequency 110 Hz as the oscillation
frequency. However, the amplitude limiting function is still
available, which is shown in Fig. 6(f).

The critical value of shaft torque deduced from formula (19)
is calculated by R, T, and T.. Itis also firmly concluded that
the critical value of shaft torque varies with the inertia ratio and
load torque. If the inertia ratio or the load inertia increases, the
critical value will also be enhanced, as the result of the widened
range of the shaft torque limitation. Thus, the impact of R and
T, within shaft torque amplitude limiting constraints is further
verified in Fig. 7.

The impact of inertia ratio R on the critical value of shaft
torque is first studied in the condition of T,=4.When R =1,
Tr, = 0.8, it can be deduced from formula (19) that the critical
value of shaft torque is 4.4 N-m, which is bigger than the preset
value 4 N-m. The shaft torque will output the amplitude limiting
value, which exactly matches the simulation in Fig. 7(e). After
the inertia ratio is decreased to R = 0.5, it can be deduced from
formula (19) that the critical value of shaft torque is 3.2 N-m
which is smaller than the preset value, thus the shaft torque will
oscillates. Theoretical deductions are exactly matched with the
simulations in Fig. 7(f).

Then the impact of load torque 77 to critical value of
shaft torque is studied in the condition of T’y = 6. When the
relatively small 77, which is 0.8 is considered in Fig. 7(g), it can
be seen that the output of shaft torque oscillates. However, when
T}, increases to 4, the relationship between the critical value
of shaft torque and the preset shaft amplitude limiting value
will change and the shaft torque without oscillation will appear
which is shown in Fig. 7(h). The results shown in Fig. 7 are
in full accordance with the constraint condition of shaft torque
amplitude limiting as formula (19).
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TABLE |
RELATIONSHIP BETWEEN PREDICTION HORIZON AND THE
SizE OF CONTROL DATA FILE

Nyand N, The data file size of the control law
Ny=3,N,=14 2.8 Mb
Nu=3,Np=5 1.9 Mb
Nu=2,N,=3 311 Kb
N,=1,N,=2 32 Kb
N,=1,N,=1 24 Kb

V. EMPC-PI SWITCHING CONTROL

A. Detection of Online Computing Time and the Size of
Control Data File of EMPC

For purpose of the successful application of the EMPC
controller in typical drives, first, its online computing time
should be tested. The parameters of the controller are designed
asT,=8N-m,T;,=4N-m, N, = 1, N, = 2. The current
loop break period of the simple PI vector control without
the EMPC controller, and with the EMPC program should be
detected, respectively. Low level represents DSP is in the break
period. The tested results confirm the time delay of 40 us is
the online EMPC controller computation time, which can be
achieved in a current loop within 100 us sampling period.

To solve the problem of large amount of data storage space
occupied by the EMPC controller, the prediction and control
horizon N,, and N, should be properly reduced, and thus the
compressed data of the controller can be stored in the control
unit. However, as the prediction step decreases, the transient
control effect of the EMPC controller can be maintained,
once the motor speed accesses to a given steady state, each
state of the system will significantly oscillates. The smaller
the prediction horizon is, the more intense oscillations will
occur, until the controller completely loses its control ability.
Table I gives the relationship between the prediction horizon
and the data file size of the control law, under the condition
of T,=8 N-m, Ty =4 N-m, w, = 200 rad/s. The data
files of the EMPC law is generated by the MATLAB-MPT
toolbox.

Because of the experimental hardware platform employed
the TI's DSP-TMS320F28335 without any external expan-
sion memories, whose programmable RAM is only 64 Kb,
only the condition of N, =1, N, = 2 can be chosen in the
experiment.

B. Switching Criterion of EMPC-PI Switching Control

In order to verify the function of amplitude limiting control
of EMPC, the effect of PI controller is simulated first. The
parameters of PI controller are designed by pole placement with
the same damping coefficient due to its widely application of
inertia ratio [5]. Two-mass elastic system can be considered
as a four-order system, and its poles can be expressed as two
pairs of conjugate poles. As shown in Fig. 8, the pole damping
coefficients are all set to be 0.5 and the distribution of poles is

Fig. 8. Poles distribution of the two-mass elastic system using pole
placement method with identical damping coefficient.

on the complex imaginary lines with 30 degrees to the negative
real axis. Then the designed parameters of PI controller are
K, =1.24, K; = 245.04. In addition, the integral effect of
PI controller will bring in windup phenomenon to the system
which is solved by linear antitracking computational method
[27]-29].

The simulation results are shown in Fig. 9(a) and (e). As
expected in Fig. 9(a) and (e), although the traditional opti-
mized PI control can ensure the system eventually converge,
the oscillation is still relatively significant and the speed dif-
ference between the motor and load is clearly visible in the
presence of the transient operation, and also brings about the
risk of system safety when the shaft torque response exceeds
its tolerance range. The fundamental reason comes from the
fact that the two-mass elastic system as a four-order system
with only two adjustable PI parameters to configure the poles
of the system makes the system fail to meet the optimal
performance.

Then, the simulations without considering attainable actual
practice are given in Fig. 9(b) and (f), with the bigger prediction
horizon as N, = 14 and N,, = 3. Theoretically, the EMPC al-
gorithm is already excellent enough to achieve the performance
of vibration suppression and shaft torque safety.

When the problem of hardware implementation is consid-
ered, a smaller prediction horizon should be used to sat-
isfy the narrow data storage ability of DSP-TMS320F28335.
N, =1, N, =2 is designed in the EMPC controller, with
the simulations shown in Fig. 9(c) and (g), and the expected
poor steady state performance with continuous oscillation can
be seen.

Thus, the EMPC-PI switching control was first proposed in
this paper, which is committed to apply shaft torque amplitude
limiting function of EMPC in speed transient into typical drives.
The conventional PI controller is employed in speed steady
state. Based on its integral function to errors, it is capable of
realizing a commendable zero static error, whereas the EMPC
cannot achieve.

The switching criterion of EMPC-PI switching control is
based on the speed hysteresis value and hysteresis range. The
range of hysteresis speed is chosen as |w; — w,| < aw, and
the speed hysteresis value is (aw,), where « refers to the
hysteresis coefficient, which can be adjusted properly under
different circumstances. In this paper, the coefficient o was
set to be 2%. When the motor speed is within the range of
|wr — wy| < awy, the speed enters the steady state and the PI
controller will be implemented. Once the motor speed is beyond
this hysteresis range, the speed is deemed to be within the
transient state and the EMPC controller will be implemented.
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Fig. 10. Structure diagram of the integral servo system with the EMPC-PI controller.

The structure diagram of the integral servo system with the
EMPC-PI controller is shown in Fig. 10.

The simulations shown in Fig. 9(d) and (h), demonstrate the
EMPC-PI switching controller can ensure desired control effect
during both transient and steady process, and solve the problem
of excessive data storage as well. In contrast to the dSPACE
hardware used in [16]-[23], this optimal control performance
can be successfully implemented using a conventional DSP
(TMS320F28335) with this strategy, closer to the actual indus-
trial applications.

In order to verify the effectiveness of EMPC-PI switching
control, the results of some special states: time variant ref-
erence speed as sinusoidal reference speed signal and step
change of load torque at constant speed are added as shown
in Fig. 11.

The speed and torque responses are shown in Fig. 11(a)
and (c), where the reference signal is a sine wave with 5 Hz as
its frequency and 100 rad/s as its amplitude. The step responses
of a sudden 50% load torque added at 0.15 s are shown in
Fig. 11(b) and (d).
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The whole switching procedure of EMPC-PI in the two-
mass system is fully manifested in two different situations.
The switching moment has been marked in Fig. 11, which
demonstrates the favorable switching performance of EMPC-PI
controller under different operating states. EMPC-PI controller
can realize the torque amplitude limiting in transient state,
whereas zero steady-state error tracking in steady state.

C. Robust Analysis of EMPC-PI Switching Control

The system robustness has been studied in this paper in the
condition that the shaft stiffness and load inertia within the
system model are different from the designed EMPC controller.

Robustness of the proposed EMPC-PI controller to variations
in drive parameters used in the controller synthesis procedure
is examined [30], [31]. The effect of uncertainty in the value
of shaft stiffness is shown in Fig. 12(b) and (f) and Fig. 12(c)
and (g) for K = 0.5 % Ky and Kg = 2 x K, respectively.
As can be seen from the results, the speed and torque tran-
sients are slightly different from the case with the normal
system parameters previously mentioned in Fig. 10(d) and (g).
However the safety constraint on the shaft torque is not violated.
It means that the designed system is robust against the variation
in K.

The performance of the drive systems subject to changes in
the load inertia is presented in Fig. 12(c), (d), (g), and (h).
It is clear that although the variation of these parameters has
a significant impact on the dynamic response of the drive
system, the control structure protects the maximal tension limit
of the motor and shaft thus guaranteeing safe operation of the
drive.

VI. EXPERIMENTAL RESULTS

The laboratory setup, which is presented in Fig. 13, is
composed of two Siemens-1FL5060-0AC21-0AG0 PMSM
motors (as the driver and load machines), 750W driver with
TMS320F28335 DSP control board. The two motors are cou-
pled by a Helical-MC7CM200 elastic coupling. The load motor
functions as not only an inertia load, but also adding load
torque. The dc buses of the driver motor and the load motor are
in parallel connection and the load motor is used as a generator
to supply the load torque. A 20% of the rated torque is added in
simulations and experiments in this paper. The main parameters
are presented in Table II.

The experimental results that can prove the effectiveness of
EMPC-PI control are demonstrated in Figs. 14 and 15.

In Fig. 14, the effectiveness of EMPC-PI switching control
is verified with the results of some special states, similarly as
in simulation tests as Fig. 11. The hysteresis coefficient « is
chosen as 10% in Fig. 14(a) and 20% in Fig. 14(b) and (d)
for the practical factors. The simulation study is supported
by experimental results, further demonstrating the favorable
switching performance of EMPC-PI controller under different
operating states. EMPC-PI controller can realize the torque
amplitude limiting in transient state, whereas zero steady-state
error tracking in steady state. However, it is also shown from
Fig. 14(c) that within the switching range, the responses of the
electromagnetic torque and shaft torque are not smooth, which
can be deeply studied in the future.

In Fig. 15(a) and (e), experimental results of the PI controller
designed by pole placement with the same damping coefficient,
similarly as in simulation tests are presented, where the PI
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Fig. 13. Photogragh of the experimental setup.

controller is unable to keep both the shaft torque response
within the safety bound and stable state. The experimental
results correspond with different shaft torque constraints are
presented in Fig. 15 [excluded (a) and (e)], as can be concluded
from which, all the responses clearly demonstrate the potential
of the EMPC-PI in perfect control effect of the vibration
suppression, any level of the motor and shaft torque limitation
together with the optimal and fast dynamic in the typical
drive.

The experimental results that can prove the robustness of
EMPC-PI control in the condition of changed shaft stiffness
and load inertia within the system model are demonstrated
in Fig. 16, which are similar as simulation situations. It is
clear that although the variation of these parameters has a
significant impact on the dynamic response of the drive system,
the control structure protects the maximal tension limit of
the motor and shaft thus guaranteeing safe operation of the
drive.

TABLE 1l
MAIN PARAMETERS OF PMSM DRIVE SYSTEM

parameter nominal value
Motor Power 750W
Motor Torque 4 N'm
Motor Speed 200 rad/s
Inertia of motor 1.27¢-3 N-m?
Inertia of load 1.27¢-3 N'm?
Stiffness of elastic coupling 305 N-m/rad
Non-reversing torque of coupling 13 N'm
Shock ro reserving torque of coupling 6.4 N'm
Momentary torque of coupling 26 N'm
Anti-resonance frequency 78.4 Hz
Resonance frequency 110 Hz

Meanwhile, the constraints for shaft torque limit conditions
can be verified totally met with the system response in all the
experimental results, as shown in Figs. 14-16.

When T, is smaller than the critical value of shaft torque, the
amplitude limiting function can be guaranteed, which is shown
in Figs. 14(d), 15(f), (g), and 16(e)—(g). When T’ is bigger
than the critical value of shaft torque, shaft torque response will
oscillates but the amplitude limiting function is still available
which is shown in Figs. 15(h) and 16(h).

All theoretical considerations and simulations are confirmed
experimentally.

VIl. CONCLUSION

In this paper, mechanical oscillations and safety issues of
the shaft are overcome by focusing on the theoretical analy-
ses and design process of MPC strategy. According to MPC
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optimization with constraints principle, two-step prediction is
used. Then conventional MPC is simplified as the fast EMPC
to reduce the amount of online computing, with the ultimate
implementation of the EMPC-PI switching control in the typ-
ical drive. The constraint condition of shaft torque limitation
control is presented in the system, showing the oscillations
will appear on the basis of the guaranteed limitation control
when the preset shaft torque limit is larger than the theoretical

(e) Pl control. (b)and (f) EMPC-PI control (T's = 2) (c) and (g) EMPC-PI
=6).

critical value. And change the critical value of shaft torque
varies with the inertia ratio and load torque. The amount of
online computation can be significantly reduced using EMPC-
PI switching, where the switching criterion is based on the
speed difference hysteresis value. The control method can
suppress mechanical resonance, limit the amplitude of shaft
torque, and it is also robust against changed parameters, thus
providing desired dynamic performance.
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Further work will focus on the resolute strategy’s exploration
for the constraint condition of shaft torque limitation control,
which will extend the shaft torque limit range.
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