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A Real-Time Model of Locomotion Module DTC Drive for
Hardware-In-The-Loop Implementation

Abstract. A real-time model of AC electric motor drive for an open link locomotion module is investigated. A new numeric single-step method of
average voltage on the integration step is used for the modelling of the electrical drive integrated in the locomotion model. The features of this
method are the high operation performance and numerical stability. It is shown that proposed approach significantly decreases computational time,
hence allowing for taking into account agile dynamics of the locomotion module when synthesizing observers or controllers

Streszczenie. W niniejszej pracy przedstawiono wyniki badania modelu napedu elektrycznego AC dla modutu napedowego z otwartym tgczem
realizowane w czasie rzeczywistym. Do modelowania napedu elekirycznego przedstawionego w zaproponowanym modelu zastosowano nowg
Jjednostopniowg metode pomiaru $redniego napiecia przy uzyciu catkowania numerycznego. Cechy tej metody to wysoka wydajno$c i stabilno$¢
numeryczna. Wykazano, ze proponowane podejscie znacznie skraca czas obliczeniowy, co pozwala na uwzglednienie dynamiki modutu
napedowego w budowie kontroleréw bgdz systeméw pomiarowych. (Model czasu rzeczywistego modufu napedu DTC w implementacji

hardware-in-the-loop).

Keywords: Real-time modeling, electric vehicle, asynchronous electric drive, mathematical model.
Stowa kluczowe: modelowanie czasu rzeczywistego, pojazdy elektryczne, elektryczny silnik asynchroniczny, model matematyczny.

Introduction

Hybrid modeling is an advanced method of analysis and
design of complex systems, which is implemented by a
combination of analog, physical and mathematical
modeling. Hybrid modeling is the basis for hardware-in-the-
loop technology, which integrates into a single loop the
digital real-time models and physical objects [1]. This
technology is widely used in various fields, including
industry, aviation, aerospace and automotive for designing,
synthesizing and analyzing tasks [2]. In particular, the
missing elements of the real systems can be replaced by
the digital model during the design stage [3]. In the power
industry, the hardware-in-the-loop technology is used to
synthesize and test the excitation control systems of power
generators by manner of connecting the real excitation
controller to the digital model of the generator block [4-6]. In
paper [7] the use of real-time models for testing of control
systems for vehicle's adaptive cruise control is described,
and in [8] the application of such models for designing the
hybrid electric vehicle's control systems is presented.

The feature of digital real-time models used in
mentioned tasks is the necessity to provide continuous,
stable calculation in a real time mode over a long period of
time (tens of hours). The numerical integration step in such
models is determined by the condition of ensuring their
operation in real time mode. It depends on the processor
operation performance and complexity of the model. This
makes it impossible to use numerical integration methods
with a variable step that are widely used to simulate stiff
systems, such as electrical and power systems [1, 9].
Implicit methods of numerical integration, in particular, the
trapezoidal method, have an advantage in this case. In [9] it
is also noted that methods which are absolutely stable for
digital systems are not always stable for hybrid systems
containing an analog component. Thus, there is the
problem of choosing a numerical integration method for
real-time models in hybrid systems that would provide the
high numeric stability and the ability to continuous, long-
term calculations of stiff systems with increased value of
numerical integration step (to provide the required
performance).

The real-time model of electric vehicle's drive created
using the author's method [10] for testing the control system
of electric vehicle is proposed in present paper.

The electric vehicle's wheel actuation by advanced e-
motors is one of the research and engineering directions
that allows for:

« Faster torque response

» Measurable output torque through motor current

* In-wheel configuration

* Regenerative braking

* New control possibilities.

The modern technique of electrical vehicle control
utilizes torque distribution between wheels by using
individual electrical motors for each wheel. In this case, the
direct torque control (DTC) is the most reliable motor control
approach that overcomes the field-oriented control for high-
performance AC motors. This method controls three-phase
AC machines by estimating the flux and the motor torque by
measuring the electric current and the voltage of the motor.
In reference [11], the DTC was modified using a fuzzy logic
approach that allowed for reducing the torque and flux
ripples, which may complicate the identification process. In
paper [12], a Model Reference Adaptive System observer
was applied to manage the dependence of the control
vector on machine parameters, and the high ripples of DTC
method. A real-time implementation of the DTC together
with a sliding mode controller was described in reference
[13]. An FPGA-based board was used in that study to
handle a significant amount of computations required for the
conventional DTC implementation.

A controller that is synthesized to increase wheel
mobility of the open-link locomotion also requires a model-
based observer [14]. The response time of the controller
heavily depends on the observer ability for quick
calculations, which, in turn, depends on the accuracy of the
plant model. Hence, a small reduction of the computational
time can lead to a significant improvement of the controller
performance. In this regard, various approaches have been
investigated to reduce the computational time. One of the
approaches is to simplify the model [15-17]. However, the
simplification may lead to a significant loss the model
fidelity.

A new approach, proposed in the present paper, allows
for saving the computational time which is drastically
reduced while maintaining the fidelity level of the open-link
locomotion model. Obtained computational results testified
the real-time applicability of the proposed approach.
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Description of the method
A mathematical model of the electric drive system was
developed using a numeric single-step method of average
voltage on the integration step [10]. The method enables
evolving a model of an electrical engineering system's
power scheme as algebraic equations for branches of
electrical currents. These equations are based on the
equation of an electrical branch, which includes a source of
e.m.f., inductance, capacitance, and active resistance:
1 to+At
(1) — I(u+e—uR—uC—uL)dt:0,
At o
where u is the applied voltage; ug, uc, u;, e are the
instantaneous values of the voltages on resistance,
capacitance, inductance and e.m.f; At is integration step
value; tp is the time value at the beginning of integration
step.
Setting out the voltage on the active resistance and

capacitor brings the two components of Eq. (1) to the
following form

(2) up =upy+Aup, uc =ucy+Auc,

where ugg, ucy are the voltages at the beginning of the

numeric integration step; Aug, Auc are the voltage
increments on the integration steps that are calculated as:

Aug = i d Wy (e-1p)

k=1 dt(k) k' ’
_ - d(k)uco (c=10)
(3) Aup = kZ=:1 dt(k) . I ,

d(k)“RO d(k)uco

ar®) dr®)
voltages on the resistance and capacitor at the beginning of
the step. After taking into account the known relationships
between the voltages and currents of electric branch
elements, the following equation was obtained in reference
[10] with the branch current, i;, and the average voltage, U,
as unknown variables at the end of the integration step:

where are the k-th derivatives of the

0 —

R At 2—(m+1)m+2) LOJ

E-— — =0
U Bt "C°+(m+1+c 2mt)m+2) A

mA( RAK m—k AR (1) m+2)— (e 1)k +2) | d @y
— . + . —_
Sl k+1) m+1 Clk+2) (m+1)m+2) k)

[ R + ar +ﬂ ij =0
4) m+1 C(m+l)(m+2) AT

where L, L; are the branch inductance at the beginning
and end of the integration step, m is the polynomial order,
which describes the current curve on the integration step

1 to+At to+At
(the order of the method); U=— [udt, E=— [edt

At At o
are the average voltage and voltage source values at the
integration step, iy is the branch current value at the
beginning of integration step.

A mathematical model of the system is developed using
the following external vector equation, in which typical
elements represented as electrical multipoles [18]

. to+AL B
(5) ie+GseA—t [Vedt+Cy, =0,

)

where Vv, is the vector of the multipoles’ external pole

potential; i, is the currents vector of the external multipole

e

branches; G,,, C,, are the coefficient matrix and the

vector of the absolute terms. Equation (5) is evolved based
on Eq. (4).

As the model of an electrical engineering system is
developed, the external nodes of the electrical multipoles
are connected together in the nodes of the system. The
connections between the average values of the multipole

external potential on the integration step, v,, and the

average values of the independent node potentials, v, , are
described by the following equation:

| fo+Ar - to+At
6 — | Vedt=II"— |v.dt,
(6) ~ ! e ~ lj c
0
where II is the incidence matrix, which determines the
way the external branch elements are connected to the
independent nodes of the systems.
The average values of the potentials of the independent
to+AL
nodes on the integration step X Iﬁcdt are obtained from
t
fo
the following algebraic vector equation:
to+At ~
(7) G,.— j'ﬁcdt+Csc =0,
At ‘o
which coefficients are defined from the formulas basing on
the external vector equations (5) coefficients of all the
elements that are the parts of the system, and their

L
I N T
incidence matrices: Gy =21 ,G1T;
Jj=1
- L -
Cy. = ZIIj sej (L — the number of elements in the
J=1
system).

The algorithm of the mathematical modelling is
described below. The coefficients of Eq. (7) were calculated
based on the coefficients of external vector equations (5) for
all elements, which were included in the system, and their
incidence matrices. Equation (7) was then used to
determine the average potential values of the independent
nodes on an integration step. For every structural element
of the system, the average potential values of the poles on
the integration step were determined from Eq. (6); the
electric currents of the external branches at the end of the

numeric integration step fe were determined from Eq. (5).

The variables that describe the electrical multipole and
which are not the currents of the external nodes were
determined from the internal equations of the electrical
multipole.

When the method of average voltages on the integration
step of the second and higher orders is applied, information
about the derivatives of currents of the external branches is
required. To calculate these derivatives, we used the
principle of mathematical modelling of electromechanical
systems with semiconductor converters [18].

The use of the method of average potentials on the
integration step enables the algebraization of differential
equations for electric current branches. In the works of [19,
20] for electric circuits with the resistance, inductance, and
capacitance, the efficiency analysis was performed by
comparing the abovementioned method of the second and
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third order and the known methods of numeric integration,
particularly Adams—Bashforth of the 4™ order, Adams—
Bashforth—Moulton of the 4™ order, Runge—Kutt—Fehlberg
of the 4™ and 5™ order, Dormand—Prince of the 4™ order,
Runge—Kutt of the 4" order, Gear of the 3 and 4"
order,the trapezium method, etc. A comparison of these
methods was performed using the following metrics: the
number of steps K and the computational requirements C
(the product of the necessary number of steps and the
number of coefficients determined at each step) on the
oscillation period of current and voltages that were
appropriate for obtaining the result with the prescribed
accuracy. The analysis determined the best methods: the
method of the average voltages on the integration step of
the 3" order (the number of steps at the oscillation period is
K = 8, the computational requirement is C = 24, the mean
squared errors for the current and voltage are & = 0.5 %
and &; = 0.491 %, respectively) and 2" order (K=16, C=33,
8 = 0.5 %, & = 0.489%), and Adams—Bashforth of the 4"
order (K=34, C=34, & = 0.5 %, & = 0.499 %), Adams—
Bashforth—Moulton of the 4™ order, (K=20, C=41, ;= 0.5 %,
& = 0.498 %) Ta Runge—Kutt—Fehlberg of the 4" order
(K=7, C=42, & = 05 %, & = 0.499 %). The other
abovementioned methods underperformed with higher
computational requirements to achieve an appropriate
accuracy. Therefore, the method of the average voltages on
the integration step of the 2" and 3™ order was selected as
the optimal one since it provides the required operation
performance and accuracy. It should be emphasized that
the use of the 3 order method requires a determination of
the second order derivatives, which complicates the
application of this method.

A computer model of an AC e-motor was created using
the object-oriented approach, according to which the model
of each element was presented as the object correspondent
to the principles of object-oriented programming [21]. The
program realization of mathematical model was formed by
combining the corresponding objects of the elements. The
model also included an object for connection with physical
equipment, which provided information transmittance as
analogous and logical signals between the computer and
the physical parts of the system (if the system combines the
computer models and the real physical objects).

Mathematical models

Mathematical models of the electric drive system
elements were designed by applying Eq. (4) to the electrical
circuit of the element, presented as multipole. The section
below presents the mathematical models of an
asynchronous machine and semiconductor converter.

The mathematical model of an asynchronous machine

The computational scheme of an asynchronous
machine as a 12-pole (Fig. 1) contains a three-phase stator
and rotor winding. Fig. 1 denotes

T —
(VAI»VBI»VCI»Val’Vhl»Vcl) =Vam »

=1l

(VA2JVBZ»VC2:va2’Vb2:v02 )T =v,, are the poles potentials

vectors, (iA,iB,iC,ia,ib,ic )T = ;am is the vector of currents
of stator and rotor winding.
As Eq. (4) for the method of the second order (m = 2)

was applied to the scheme on Fig. 1, the following vector
equation was obtained:

— R, - R, Atdi R, -
U—1ipp+ —2m _ Ram amQ _ Bam F—
RO 3 am0 6 dt 3 aml
| - -
(8) _E(Waml_‘//amO): 0,

where U is the vector of the average phase voltages on
the numeric integration step:

_ 1 to+At
9) U=— [ ¥/ di—— [ vl de;

) ! ly
ipg is the vector of the voltage drop on the active

resistances of the stator and rotor winding at the beginning
of the step; R,, :diag(RA,RB,RC,Ra,Rb,RC) is the

matrix of the resistances; i, , i, are the vectors of the

currents at the beginning and end of the step; V.0, Vumi
are the vectors of the flux linkage at the beginning and end

of the step, which equal:

(10) l/7am0 =Ly igmo and lpaml =Lyt igm

where L,,, L,,; are the matrices of inductions at the

beginning and end of the step; the diagonals of these
matrices are the self-inductances and the other elements of
these matrices are the mutual inductances, which depend
on the rotor rotation angles.

Having introduced Eq. (10) and Eq. (9) in Eq. (8) and

taking into the account that iigg =R, immo, ONE can
obtain:

1 to+At ; 1 to+At I R L _

— Vo dt —— v g | Zam g Zaml 17 _

At tj(; an At l'([ an 3 At aml
(11) _ 2Ram _ LamO famO_ RamAt dTamO =0

3 At 6 dt
Using Eq. (11), the following equation of the

asynchronous machine as a multipole can be derived:
_ to+At R
lM"rGMA— J“_}M dt+CM :0,

t

fo

(12)

- | =i
where i, ={ ?“’"1} is the vector of the external branche's

laml
i
currents, vy, = on is the vector of the poles potentials,
Vam
Ry} -Rj}
coefficients matrices: Gy =| M | _];” ,
-Ry Ry
R L
R, —_—am . aml ,
M3 At
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i _ RX} {[ 2R, _ Lo j;am0+ R, d;;sz J

3 At 6 dt
M= -
RX/II 2Ram _ Lino i o+ R dlamO
3 At )6 dt

Equation (12), supplemented with the equations for
determination of the rotor rotation angles y,,

AYam

dt pr
and the velocity o, (the equation of the mechanical part of

the electric drive), was used to calculate the asynchronous
machine currents. For these calculations, the derivatives of

Lam0

the currents at the beginning of the step were

required, which were determined based on the theory of
mathematical models of the electromechanical systems with
semiconductor converters [18].

The mathematical model of semiconductor converter

In this mathematical model, a semiconductor converter
was considered as the scheme with the steady structure
and variable parameters; every switch of the converter was
represented as serially connected resistance and
inductance, which took the small values as the switch was
opened and the large values as the switch was closed.

The power scheme of the converter was designed by
uniting the cathode and anode switch groups, which
calculation circuits were identical (Fig. 2), and differed only
by the direction of the current.

Vry V2 Vi3

Fig.2. Power schemes of the anode (a) and cathode (b) switch
groups and their calculation circuit (c)

As Eq. (4) is applied to the circuit in Fig. 2 using the 2
order method (m = 2), the following equation can be
obtained for the first branch:

1 ty+At to+At R L _.
— [ Vydi—— [ v, di—| L+ 2L, —
At t{ TN t{ ! 3 A )Th
2Ry Ly )~ Ry At din
(13) _| 287 _ =71 ir1,~ T12% 7 7 _
3 At 6 dt

The positive values of the current in Eq. (13) correspond
to the transistor current, and the negative values
correspond to the feedback diode. Having compiled the
similar equations for the other branches and taking into the
account ity = — (it; + iT» * i13), the following vector equation
is received:
~ to+AL _
iT+GT_ J.T}Td[_"CT =0

At ‘o

(14)

where fT = (iﬂ] 72,073,174, )T is the vector of the external

branches currents, vy = (le,sz,vm,v” )T is the vector of
poles potentials, coefficients matrices:

Ryy 0 0 -Ry
*_ *_
0 R75! 0 —-Rp
(15)  Gr=| o 0  Rp3' —Rp3 |
3
*_1 *_1 *_1 *_1
-Rr —Rpy —Rpzs 2Ry
L i1
« Ry Ly
Ry, =201y ZTi (=12 3),
Ti 3 At ( )
wil(2Ry, Ly )~ RpAtdin,
R et 85 A —o
n [[ 3 At ) Tho 6 dt
el (2R _Lra): Rt diny,
. 2103 A )T 6
CT =

wa[(2Rps Lps)-  RpsAr dirs,
Josull e KR ) AR Rk
T3 [[ 3 v L

dt
3. wal( 2Ry Ly -
- LR {(TTTZJT

Ryt digg,
6 dt

The link parameters, Ry and L7, were determined by the
state of the current link switches, i.e., the transistor and
feedback diode. The state of the switches was determined
from the logical equations, which described the DTC
transformer control system.

To calculate the currents of the switches their
derivatives are necessary (in case of using the method of
the second order). The introduction of inductance in the
branch, which equivalents a switch, makes it possible to
determine the derivative of the switch current from the
electrical circuit equations arranged according to Kirchhoff's
second law. The procedure for determining derivatives is
described in [18].

i1 The mathematical model of the open-link locomotion

module

This study was conducted for the e-drive shown in Fig.
3, in which the e-motor is connected to the drive wheel by
the means of a transmission gearbox.

The wheel dynamics is defined according to references
[22, 23]. The battery is modeled using the gain factor, kpat,
while neglecting possible PWM oscillations that may occur
under the influence of the controller. The development of
the controller is outside the scope of the current paper. The
nonlinearities that are present in the gearbox (i.e. frictions,
hysteresis etc.) are not taken into account. Hence the
gearbox is modeled as a gain factor r,.

*I I Wheel
Battery : : Gear Box
E-Motor ————

Tyre-Terrain
Interaction
Fig. 3. Schematics of the e-drive of the wheel

The dynamical model of the wheel can be described by
the following equations (see [22, 23])
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doy0) :JL(ktim(t)—rstd(f))

m

L) (-0
da;‘;(t) =ﬁ(7}d(f)_Twl(t))

R, =W, COS@,, +ktg(zr Zu)"'ctg(z.r _Z.u)

)+Cs(z'u _Z's)

my, Z ktg( Zu)+ctg(2.r _2u)_k.€(zu _Zs)_cs(zlu _2.€)

where ,(?) is the angular velocity of wheel, J, is the
moment of inertia of the wheel which depends on the wheel
normal reaction R, T,(t) corresponds to tyre-terrain
interaction which was modeler according to [24], T, is the
elastic-damping torque, 6, is the slope of the surface of
motion, W, is the static load on the wheel caused by the
sprung mass and unsprung mass, k, is the tire-soil
longitudinal stiffness, cy is the tire-soil damping factor, z;, z,
are the displacement of the sprung and unsprung masses
(see Fig. 4.), my and m,, z, is the change in the road height
from its zero reference height k; is the reduced stiffness of
the suspension, cs is the reduced damping of the
suspension, kg, is the shaftelasticity.

mgZ :ks(zu —z

Sprung

ms

ki ct

7 hy

Fig. 4. Vibration model of the open-link locomotion model..

Results

The following parameters of the asynchronous
transmission drive of the electric car wheel were used for
the research: P = 110 kW, U =380V, f= 50 Hz, Rs = 0.04
Q R’-004Q Los=Ls=0.00025H, Ly, =0.011 H, z, = 4,

=15 kg - m?. The parameters for the mechanical part: m,
= 336 26 kg, ms = 2353 8 kg, Cs = 13000 Ns/m, Cyy = 1740
Ns/m, Jn, = 0.008 kgm?, Kpat = 120 V, ks = 2500 Nm, k; = 0.5
Nm/A, Ks = 50000 N/m, Kig = 96130 N/m, r, = 1/9.73.

To assess the adequacy of the developed model of
asynchronous electric drive with the DTC, the obtained
results were compared to standard Matlab/Simulink
computer simulation of analogical asynchronous electric
drive with the appropriate parameters applied. The
comparison is depicted in Fig. 5 for the regimes of velocity
and load change. The results prove the adequacy of the
developed model. For calculations, the developed model
used 0.00003 s numeric integration step, and the
calculations were performed in real-time when the
calculated time corresponded to the real time. The
calculation with the similar integration step for the
Matlab/Simulink model of analogical asynchronous electric
drive with the DTC was five times slower, which disabled its
real-time application.

Fig. 6 illustrates computational results of the
acceleration performance of the open-link locomotion
module while speeding up to the maximal velocity (105
km/h), which corresponds to the rotation speed of the
asynchronous drive of 700 rev/min.
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Fig. 5. Rotation speed (a, b), electromagnetic moment (c, d), the
stator current (e, f): a, ¢, e — the calculations by Matlab/Simulink
model, b, d, f — the calculations by the developed model.

c) d)
Fig. 6. The time profile of the torque (a), rotation speed (b), the
stator current (c), the force that acts on the wheel F, = T,/ry (rw -
radius of the wheel) (d), calculated for the maximum acceleration
mode.

Conclusion

The mathematical model of the asynchronous electric
drive with DTC, which was designed using the method of
the average voltages on the numeric integration step,
demonstrated an advanced operational performance. It
performs real-time continuous calculations during a long
time (up to 12 h) for the observer and controller modelling
and synthesizing. The designed model can be used in the
hybrid systems, which combine the computer models of the
AC e-motor and physical e-motors of several locomotion
modules.
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