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Modeling DC Motor Drive Systems in Power
System Dynamic Studies

Shengqiang Li, Member, IEEE, Xiaodong Liang, Senior Member, IEEE, and Wilsun Xu, Fellow, IEEE

Abstract—Direct current (dc) motor drive systems are exten-
sively used in paper, steel, mining, material handling, and other
industrial applications due to the high starting torque and easy
speed control over a wide range. They could account for 10%-20%
load demand in some industrial facilities and thus have significant
impact on the overall system dynamics. However, an adequate
dynamic model for this type of loads is not available for power
system dynamic studies. In this paper, a comprehensive modeling
method for dc motor drive systems is proposed considering two
scenarios: 1) The drive will trip when subjected to severe voltage
sags, and 2) the drive can ride through when experiencing mild
voltage sags. The dc drive trip curve and a simple procedure to
determine if the drive needs to be included for dynamic studies are
proposed for Scenario 1. The dynamic model for dc motor drive
systems, which can be readily inserted in the simulation software,
is developed and verified through case studies for Scenario 2.

Index Terms—DC drive trip curve, dc drives, dynamic model,
power system dynamic studies, transfer functions, voltage sags.

NOMENCLATURE
Parameters:
Ry  Direct current (dc) armature circuit resistance (total).
Ly dc armature circuit inductance (total).
K,. Proportional constant of proportional-integral (PI) cur-

rent controller.

K;. Integral constant of PI current controller.
K,s Proportional constant of PI speed controller.
K;s Integral constant of PI speed controller.

A Overloading factor of the dc drive.

Kpg  Voltage constant of the dc motor.

K7  Torque constant of the dc motor.

J Moment of inertia of the dc motor.

Le Commutating inductance.

Variables:

V Utility-side bus voltage, per-unit.
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Vo Initial value of utility-side bus voltage, per-unit
(prefault).

Vig  Alternating current (ac) voltage of the rectifier, phase-to-
ground.

Vigo Initial value of ac voltage of the rectifier, phase-to-
ground (prefault).

I,.  AC-side phase current (rms).

P Active power of the load.

Py Initial value of active power of the load (prefault).
Q Reactive power of the load.

Qo Initial value of reactive power of the load (prefault).

S Apparent power consumption of the drive.
So Initial value of apparent power consumption of the drive
(prefault).

P,  Rated motor horsepower.

1, Nominal dc motor armature current.

wyn  Nominal dc motor speed.

Iqc  Averaged dc motor armature current.

Averaged output voltage of silicon-controlled rectifier

(SCR)-bridge converter.

E,  Averaged motor-generated voltage [back electromotive
force (EMF)].

o Firing angle of SCR-bridge converter.

I. INTRODUCTION

HE dc motors can provide a high starting torque, offer

easy speed control over a wide range, and thus find their
extensive usage in paper, steel, mining, material handling, and
other industrial applications. The dc drives have been used for
many decades to control the speed and torque of dc motors.
The speed control methods of a dc motor are simpler and less
expensive than those of ac motors, and the speed control over
a large range both below and above rated speed can be easily
achieved [1], [2]. Usually, the dc motor drive system consists
of a three-phase rectifier, the dc motor, and the control system
(21, [3].

DC drives account for 10%—20% of power demand in some
industrial facilities. For example, dc drives consume 17.6%
of the total load demand and are supplied through dedicated
transformers in a 22-MW paper mill facility [4]. Therefore,
dc motor drive systems could have significant impact on the
overall system dynamics. As a common type of load in in-
dustrial facilities, dc motor drive systems (sometimes in large
scale) need to be modeled adequately in power system dynamic
studies; however, the reality is that their dynamic model is
currently not available.
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The IEEE Task Force on Load Representation for Dynamic
Performance [5] recommends that an adjust speed drive (ASD)
is an effectively constant power load if it is able to ride
through voltage sags without tripping. It is recommended that
ASDs are like computers and electronic equipment, except that
shutdown will typically occur when the voltage drops below the
lowest tolerance, about 90% of normal. Response to voltage
is fast relative to rotor angle oscillations, so such loads are
effectively constant power even in first-swing and small-signal
stability studies, so long as voltage is above the point at which
shutdown occurs. DC motor drive systems are one type of
ASDs. However, as indicated in [6], using a constant power
load to represent such a complex nonlinear power electronics
component is questionable; a more accurate dynamic modeling
method for dc motor drive systems is required for power system
dynamic studies.

Traditionally, the modeling of a dc motor drive system has
been well established in the field of control engineering. In
[7], a state space model designed for the permanent magnet
dc motor drive with proportional-integral-derivative controllers
is presented. A discrete-time model for dc motor drive system
is proposed in [8]. Since these models are designed primarily
for tuning control parameters, the system voltage is treated as
a constant parameter rather than a variable. However, when
the modeling power system loads, the system voltage should
always be explicitly expressed as an input variable. Therefore,
the models proposed in [7] and [8] are not suitable for power
system dynamic studies.

Due to the lack of proper dynamic models, dc drives are
treated simply as transparent devices for the dynamic perfor-
mance simulation in commercial simulation software such as
ETAP [9]. In ETAP, “transparent devices” means the load that
is tripped during the fault period and recovers to the initial
power consumption immediately after the fault clears [9]. DC
drives are complex nonlinear power electronics devices, but
their modeling method in the simulation software is based
on simplifications and no verification is done to show how
far such simplifications will be introduced compared to the
reality.

Over the recent years, power electronic device modeling
was mostly focused on the averaged modeling of power elec-
tronics converters/rectifiers at the component level [10]-[12].
Switching power converters (SPCs) belong to a very special
class of subjects to be controlled. Due to the switching ac-
tion, which is common to every SPC, the converter’s model
switches periodically between a set of ordinary differential
equations. The whole model is a differential equation system
with discontinuous right-hand-side functions. Such systems
will be simply termed as discontinuous systems. In the control
literature, they are also called variable structure systems. One
approach for controlling SPC is to transform the discontinuous
system models into continuous ones so that control methods
for continuous systems become applicable. Averaging methods
are the means for achieving these objectives. With averaging
methods, the discontinuity of the original discontinuous models
is smoothed, and in many cases, the averaged models will be
continuous [10]. The dynamic averaged-value model (AVM) of
a three-phase load-commutated converter is proposed in [13];

however, such AVM is just at the converter level, and the dc
motor and the control system are not considered. The literature
survey shows that the AVM for a complete set of the dc motor
drive system is currently unavailable.

How to create an adequate dynamic model of dc motor drive
systems for power system dynamic studies is investigated in
this paper. Two sets of research results are presented. The first
set clarifies how a dc drive responds to voltage sags. Voltage
sags occur when power systems experience short-circuit faults,
which is typically the starting point of dynamic simulation. This
research shows that dc drives will trip when they experience
relatively large voltage sags. As a result, there is no need to
include dc motor drive systems in dynamic studies in this case.
Based on the finding, a simple procedure to determine if a dc
motor drive system needs to be included for dynamic studies
is proposed. The second set of research results presents how to
model dc motor drive systems when they experience mild volt-
age disturbances and are able to ride through. Dynamic models
of dc motor drive system dedicated under such conditions are
proposed. These models are created by linearizing differential
equations of motor drive systems and including the effects of
the drive, the motor, and the control system.

In this paper, the overview of load models for power system
dynamic studies is provided in Section II. In Section III, the
trip-off criteria for dc motor drive systems are provided when
the dc drive is subjected to severe voltage sags and will trip
(Scenario 1). In Section IV, the dynamic model of dc motor
drive systems is proposed when the dc drive is subjected to
mild voltage sags and will remain in service without tripping
(Scenario 2). The verification of the developed dynamic model
is verified through case studies in Section V.

II. OVERVIEW OF LOAD MODEL IN POWER SYSTEM
DYNAMIC STUDIES

The load model is a mathematical representation of the
relationship between a bus voltage magnitude and frequency
and the active power and reactive power flowing into the bus.
The term load model may refer to the equations themselves
or the equations plus specific values for the parameters (e.g.,
coefficients and exponents) of the equations [5]. There are two
types of load models: static load models and dynamic load
models.

The static load model is a model that expresses the active
power and reactive power at any instant of time as functions of
the bus voltage magnitude and frequency at the same instant,
which involves algebraic equations. Static load models are
essentially used for static load components such as resistive
and lighting loads. Traditionally, the voltage dependence of load
characteristics has been represented by the exponential model [5]

v a
P=F (V()) (1)

b
Q=0 (;) | @)

The parameters of this model are the exponents a and b. With
these exponents equal to 0, 1, or 2, the model represents
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constant power, constant current, or constant impedance char-
acteristics, respectively [5].

An alternative model which has been widely used to represent
the voltage dependence of loads is the polynomial model [5]

a —V 2+a —V +a
1 Vo 2 Vo 3
W "\ ¢

This model is also known as “ZIP” model, which consists of
the sum of constant impedance (Z), constant current (I), and
constant power (P) terms. If the model is used to represent
a specific load device, V| should be the rated voltage of the
device, and P, and () should be the power consumed at rated
voltage. However, if the model is used to represent a bus load,
Vo, Py, and Qg are normally taken as the values at the initial
system operating condition for the study [5]. Polynomials of
voltage deviations from rated voltage (AV') are sometimes
used [5].

The dynamic load model is a model that expresses the active
power and reactive power at any instant of time as functions
of the voltage magnitude and frequency at a past instant of
time and, usually, including the present instant. Difference or
differential equations can be used to represent such models [5].
For large industrial loads, two types of dynamic models are pro-
posed in [14]: a transfer function model and an induction motor
model with a shunt static load. The dynamic load models are
expressed by transfer functions also recommended in [15] and
[16]. The transfer function format representing active power
and reactive power in dynamic models for power systems is
introduced in [15] as follows:

AL(S)  byS™ + -+ byS + by AV(S)
Lo  ap,S"+---+aS+ay Vy

P=p 3)

Q@ =CQo “4)

(&)

Because the transfer function format for dynamic load models
has been well accepted, therefore, this load model format is
chosen and used for the equivalent dynamic models of dc motor
drive systems in this paper.

III. TRIP-OFF CRITERIA FOR DC MOTOR DRIVE SYSTEMS

Power system dynamic studies investigate the system re-
sponses after the occurrence of one or multiple disturbances.
Typical disturbances are short-circuit faults and subsequent
line trips. Such disturbances first appear as voltage sags at
various buses of the system. Voltage sags normally do not
cause equipment damage but could cause disruption to the
operation of sensitive loads. The voltage sag is defined by
IEEE standard 1159 as follows: “A decrease to between 0.1
and 0.9 pu in rms voltage at the power frequency for durations
of 0.5 cycle to 1 min. Typical values are 0.1 to 0.9 pu.” [17].
A voltage sag is characterized by its magnitude and duration.
The severity of voltage sag depends on the network structure
of the supply system, radial or interconnected for example, and
the observation point. The voltage magnitude will depend on
the number of phases involved, and the impedance between

Severe Voltage Sag Mild Voltage Sag

Senserio 2:
DC Drives will ride through the Fault

Senserio 1:
DC drives will be tripped

DC drive should be included in the

dynamic simulation program

DC drive should not be included in the
dynamic simulation program

Fig. 1. DC drive operating status subjected to voltage sags.

the observation point and the source of the short circuit. The
duration will depend on the speed of the circuit protections,
such as fuses, circuit breakers, and differential protections, with
a typical clearance time in the range of 100-500 ms [18].

DC motor drives are particularly susceptible to voltage sags
since they normally have no energy storage capacitors [19].
Therefore, it is very important to understand how dc drives
respond to voltage sags. Due to their sensitive nature, two
scenarios are considered as shown in Fig. 1 when dc drives ex-
perience voltage sags. Scenario 1 represents the condition that
dc drives will trip when subjected to voltage sags; Scenario 2
represents the condition that dc drives can ride through voltage
sags without tripping.

In this paper, to set up trip-off criteria for dc motor drive
systems for Scenario 1, the survey on threshold settings
of dc drives is conducted, which includes product manuals
of industrial dc drives, technical and academic publications,
and Electric Power Research Institute (EPRI) field measure-
ment data.

The sensitivity of ASDs to voltage sags is usually expressed
as a voltage tolerance characteristic curve in terms of only one
pair of parameters, voltage sag magnitude and duration. These
two values are denoted as the threshold values. If the voltage
sag is longer than the specific duration threshold and deeper
than the specific voltage magnitude threshold, the drive will
malfunction/trip. In other words, the area below and on the
right from the curve represents that voltage sags will cause
malfunction/tripping of the drive, while the area above and
on the left from the curve represents that voltage sags will
not cause the drive tripping [20]-[22]. The voltage tolerance
characteristic curve for a drive is determined by overcurrent
and undervoltage protections. The undervoltage protection de-
termines the duration threshold, and the overcurrent protection
determines the voltage magnitude threshold of the drive sensi-
tivity [20]. As one type of ASDs, the dc drives shall follow the
same conventions and be treated as such in this paper.

In [19], it is pointed out that many dc drives are generally
set to trip if the voltage magnitude of one, two, or all of the
supply phases sags below 90%. DC drives with regenerative
bridges are especially sensitive to imbalance and will trip if
one phase drops as little as 10% for 1-2 cycles. Most of dc
drive manufacturers only indicate the voltage tolerance in terms
of depth. For example, For ABB’s medium-voltage dc drive
(model number DSC 800), voltage tolerance is indicated as
—15/4+10% [23]. In [24], it is observed that dc drives are
very sensitive to voltage drops and will trip when subjected
to voltage drops to only 88% of nominal. There may be 5 to
10 trips per year based on the utility average EPRI study. In
[25], the field measurement conducted in a newspaper facility
in Baltimore is presented. The results are shown in Fig. 2. A sag
generator is used to create sags of different depth and duration.
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Fig. 2. Response of dc drives to voltage sags [20].
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Fig. 3. DC drive trip curve.

In this paper, a dc drive trip curve is proposed based on
the survey results as shown in Fig. 3. This curve shows that
dc drives will trip for voltage sags below 80% for duration
less than 5 cycles (83 ms) or for voltage sags below 90% for
duration over 5 cycles (83 ms).

The dc drive trip curve is expressed in terms of the magnitude
and duration of voltage sags. If the voltage sag is above the dc
drive trip curve, dc drives will not trip and should be included
in dynamic studies; if it is below the curve, dc drives will trip
and should not be included in dynamic studies.

A simple procedure is proposed to evaluate whether a spe-
cific dc drive will trip or not based on the proposed dc drive trip
curve.

1) Conduct a three-phase short-circuit study on the study
system if the outage event of interest involves a short-
circuit fault. In this study, dc drives can be omitted
because they only make small contribution to the fault
current (for dc drives, the maximum contributing current
should be only slightly more than the overload rating of
the drive. DC drives contain current limit functions which
will interrupt excessive currents in milliseconds [26]).
This study will yield a voltage sag magnitude at the dc
drive’s location.

2) Check the relay setting involved in clearing the fault. This
setting will provide the sag duration value for the outage
event.

3) The resulting sag magnitude and duration values are then
compared with the dc drive trip curve. If the point is
below the curve, the dc drives will trip, and they shall
not be modeled in dynamic studies. If the point is above
the trip curve, the dc drives can ride through the fault. In
this case, a detailed dc drive dynamic model is needed
for dynamic simulation. Such a dynamic model will be
developed and presented in the next section.

IV. MODELING RIDE-THROUGH MOTOR DRIVE
SYSTEMS—EQUIVALENT DYNAMIC MODEL

For mild voltage disturbances that dc drives are able to ride
through, the modeling method of dc motor drive systems is
presented in this section. The dynamic model for dc motor drive
systems is developed considering the dc drive, the dc motor, and
their control system in this research. The developed dynamic
model is expressed as an explicit function of system voltage
and can be used directly in simulation software in power system
dynamic studies.

A. Typical DC Motor Drive and Associated Control System

A typical dc motor drive system consists of a power elec-
tronic ac/dc converter and a dc motor in series with a smoothing
inductor. For most industrial applications, the power electronic
ac/dc converter is a three-phase full-bridge thyristor rectifier as
shown in Fig. 4. The configuration of dc drives is based on [13],
[27], and [28].

Being mature in theory and practice, the double-loop speed
control scheme is the most common method used to adjust
the speed of dc motors in industry applications. Fig. 4 shows
the schematic diagram of a double-loop speed dc drive control
system, which consists of a PI speed controller (ASR) and a
PI current controller (ACR). The ASR outputs the armature
current reference 4); used by the current controller in order to
obtain the electromagnetic torque needed to reach the desired
speed wy,. The ACR controls the armature current ¢4 by com-
puting the appropriate thyristor firing angle o, which generates
the rectifier output voltage v4. needed to obtain the desired ar-
mature current ¢4 and, thus, the desired electromagnetic torque.
Normally, the cosine control of the phase angle (the procedure
of “acos”) is used to maintain a linear relationship between
control signal u. and the output voltage of the SCR-bridge
rectifier vqc.

B. Differential Equations for DC Motor Drive Systems

The proposed model is based on the three-phase full-bridge
converter dc drive (see Fig. 5), which is widely used for
adjustable speed applications in industry. The speed-current
double-loop control scheme described in Section IV-A is used
in the model. Fig. 6 shows the block diagram detailing the
control scheme [28].

The dynamic model of dc motor drive systems is derived
from the differential equations representing the dc drive [see
(6)—(8)], dc motor [see (9)—(11)], and the control system [see
(12) and (13)].

The AVM for dc drives can be expressed as follows:

dl;e
(Lq 4 2Lc) =% =

3
dt Vae — Eg - <Rd + ﬂ_weLC) Iyc (6)

where I4. and Vg, are the current and voltage at the dc link,
is the EMF of the dc motor, w, is the fundamental frequency of
the power source, R, and L, are the dc armature circuit resis-
tance and inductance, respectively, and L« is the commutating
inductance.
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Fig. 4. Schematic diagram of a typical dc motor drive system.
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Fig. 5. Three-phase full-converter dc drive (two quadrants) with line
commutation.

The commutating inductance (L) is the equivalent
impedance seen at the input of each drive, which is normally
determined by the impedance of the power source, the isolation
transformer, the cabling, and other dc drives connected to the
same isolation transformer. In practical systems, an isolation
transformer may supply more than one dc drives; in this case,
the value of L¢ for each drive would vary depending on other
dc drives and auxiliary loads connected to the same transformer.
As a result, with Lo being included, it is hard to make each
drive model independent. Therefore, the commutating induc-
tance L¢ is excluded from the scope of the model by setting
L¢ equal to zero. The impact of the commutating inductance
is included when aggregating a number of dc drives in the
network. The aggregation section is not included in this paper,
but it is part of the research work [29].

By neglecting the commutating inductance L, (6) is simpli-
fied to be

dlgc

L
4t

= Vaec — Eg — Rglqgc. (N
The average output voltage of the SCR-bridge converter Vj.
(neglecting commutation inductance L¢) is presented in [11]

as follows:

3v6

Vie = —Vlg CoS & (8)
™
where V], is the utility bus phase-to-ground voltage and « is the
firing angle of the SCR bridge.
The mechanical dynamic equation of the dc motor can be
expressed as follows:
dwyy,

J——=T.-T),,

7 €))

0]
I, (p.u.) | PISpeed
Controller

Speed Reference

where w,;, is the motor rotating speed, 7 is the electromagnetic
torque of the dc motor, 7T}, is the load torque, and J is the
moment of inertia of the dc motor.

The electromagnetic torque 7 can be calculated by

Te = KTIdC (10)

where K is the torque constant of the dc motor. The load
torque 73, is assumed to be constant.

The relationship between the electromotive force I, and the
rotating speed of the motor wy, is given as follows:

(11)

where K is the voltage constant of the dc motor (Kp = Kr).
The equation for the PI current controller at the cosine firing
angle control mode is

Lae — A1
_Kpc( dc )\? n dc)

Eg:KEwm

Q. = arccos

(Iue )J I
Kw/ (ac = Mnlic) dt +cosap| (12)
0

where K. and K. are the proportional and integral gains of
the PI current controller, \ is the overloading factor, I,, is the
nominal dc-motor armature current, I . is the reference current
for the PI current controller, and « is the initial steady-state
firing angle of the SCR bridge.

The equation for the PI speed controller can be expressed as

follows:
t
_Kis/ (Wm — wpn)
Wn,
0

where wy, is the nominal speed of the dc motor and K,; and K,
are the proportional and integral gains of the PI speed controller.

ro— |-k, Cm dt

C

(13)

C. Linearization of Differential Equations

Linearize (7)—(13), and the following are obtained:

Al
de dtdc = AVge — AE, — RgAI,. (14)
JdAd;"m — Ky Al (15)
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AE; = KpAwy, (16)  where
Vac o 3\%
A‘/dc :7CAV1g+7vig0 3\/6‘/1g0
VigO i Req = T )\T 22)
(Al — M,ATL) "
- ALK, K
X | —Kpe VA Kog =Ko + S Tinpelips (23)
. Jw,
Alge — ML, AT Al K
— K7(./ ( de n dc) dt (17) Keq2 = ni(KicKps + KpcKis) (24)
M, n
0 MK LK K;
¢ K€q3 _ Tintictris ) (25)
. Aw, Awy, Jw
Al = | —Kps— — K; dt (18) "
w w
" 0 " Substitute (16) in (15), and we have
- . .. KpKr1
Note that the current reference limiter and firing angle limiter AE, = EJ T - Alge. (26)

are omitted in the linearization process. In fact, it is a common
practice to ignore limiters when linearizing dynamic models
for power system dynamic studies [30] since the limiters are
normally set widely open and would not impact dynamic char-
acteristics under small disturbances.

The Laplace transform is applied to (14)—(18). Substitute
(15) in (18), and we have

where S is the Laplace transform variable.
Substitute (19) in (17), and the following can be obtained:

Ve o 3v6 Vigo
AVye = AV — — £
d VlgO le ™ )\In
MK K, K, \ 1
x {KPNL <Kic+ TPP) i
Jw, s

M, K 1
e T(KicKps—FKpcKiS)i

Jw,, 52
Kl K;.K;s 1
M I Kic K ”3] Alg.. (20)
Jwy, s

Alternatively, (20) can also be simplified as

‘/dc 0

AVye =
d VigO

AVi,

1 1 1
- Kpc +Keq1; + ch28*2 + Keq383:| RquIdC 20

Substitute (21) and (26) in (14), and (27) can be determined.

SLdAIdC + RdAIdC

Vaco 1 1 1
= AVie— | Kpet+ Kegt —+Kego— +Kegz—
Vlgo Ig peT4eq1 5 T heq2 52 T eq3 53
KpKr1
X RegAlqe — EJ L2 AT (27)

Reorganizing (27), (28), shown at the bottom of the next page,
in the preferred format can be obtained. By substituting (28) in
(21), the transfer function of AVy. can be determined in (29)
shown at the bottom of the next page.

The relationship between dc-side armature current /4. and
ac-side phase current [, (rms value) can be expressed by

Iac (t) = \/gldc (t)

from the utility side, and the apparent power .S, active power P,
and reactive power () consumed by the dc drive can be simply
calculated from these dc-side variables

(30)

S(t) =3Vig(t)1ac(t) = 3V1g(t)\/gfdc(t)

= V6Vig () Lac (t) 31)
P(t) & Pyec = Vae(t) e () (32)
Q(t) =/S(t)* — P(t)?

= Lao(£)y/6Vig(6)? — Vac(t)?. (33)
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Based on (32), the following equation can be obtained:

AP . A(Vdcldc) ~1 AVdC AIdc
AV, AW, “OUAV, AV

+Vico——— (34)

For the reactive power (), (33) can be expanded using multi-
variable Taylor series at the initial condition as given by

Q oQ

AQ=Q-Qow 5,

AIdC —AVye

8
+ @ —— AWV}, + high order terms .

o, (35)

Some approximation is made for (35) by ignoring higher order
terms for the three variables, and we have

AQ (Aldc Pgmfdc>
Qo Tico Q% Vaco
oo () o ()
+ + + (36)
Vlgo 8 Vigo 7 Vigo
where

52 0.552 (SO ) 0.55% (SO )
=—=,f=— —1),andy = .
2= (@2 TTTor \@3

D. Final Equivalent Dynamic Model

Substitute (28) and (29) in (34) and (36), and the final
equivalent dynamic model for dc motor drive system can be
determined as follows:

TABLE 1
PARAMETERS OF ELECTRICAL COMPONENTS IN THE SAMPLE DC MOTOR
DRIVE SYSTEM (CASE STUDY 1) [28]

Rated Power, HP 40 Load torque TL, N'm 239.36
Nominal Voltage, | 220 | Armature Resistance R;, Q 0.21
\Y
Nominal Current, | 136 Smoothing Inductance L, mH | 20
A
Nominal Speed, 1500 | Mutual Inductance Ly, H 2.621
pm
Motor Inertia, 0.57 | Field Current [y, A 1.5
kg'm® )
Controller PI Speed controller: K,=10.5, K;=120.5
parameter PI Current controller: K}, =2.48, K;.=37.3
Overload factor A=1.5
Initial Steady- 46.0 kW +j27.2 kVar
state Values Supply voltage: 208V(L-L)
1500 rpm (full speed)

TABLE 1I
PARAMETERS OF THE DEVELOPED DYNAMIC MODEL (CASE STUDY 1)

Parameters Value

Dynamic Equations (37) and (38)

Model

v, 1.0

Pop. O 45.90 kW, 27.2 kVar

a B,y [3.849, -5.484,21.109]

H(s) 0.015 s*+ 1.491s* + 2.785 §*
0.015s* + 3.625 s°+ 157.1 s>+ 2729s + 1.78¢4

D(s) 0.0427 s* + 0.6828s° s> —7.9365>
0.015s + 3.625 s°+ 157.1 5>+ 2729s + 1.78¢4

coefficients in the format of fourth-order transfer functions. o,
B, and -y are constants. These coefficients are determined by

V-
P=P [1+H(s)( 0 )] (37) Lds4+<‘£;1:g+Rd)83+KEJKTS2
H(s) = 1 3 KpRrY 2
V-1, V- V)2 Las*+(KpcReg+Rq) s+ (Keqi Reg+ 2551 s
Q :QO 1+a +5 T +Keq2Req8+Keq3Req
Vo Vo
(39)
V-%\’ V-1 P
D 38 0
() e ()| e b - (<)
The input variable of the model is the bus voltage V (line-to- Lgs*+ ( Ry — %é%) B3+ K Role K o2
ground) at the locations of the dc drive; the output variables X I 2 3 - K 5
are P+ jQ. Py and Qq are the initial steady-state active [Lds +(KpcRe}1(+RId%)8 +(§e’11]§eq+ 7E) s
and reactive power at the drive input, and Vj is the initial T Reqalleqs + Regalieg
steady-state bus phase-to-ground voltage. H(s) and D(s) are (40)
Vae
AIdc _ Idc 0 83 I:;C g (28)
A‘/lg VigO 54Ld + SS(KpcReq + Rd) + 52 (Kequeq + %) + SKquReq + KeqSReq
AVic _ Vaco s'La + s* Ry + s* KEFT 29)
AVig  Vigo s*Lg + $3(KpeReq + Ra) + 8% (Keqi Req + B25T) + sKego Req + Kegz Req
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2 0583 ( )
o=, ﬂ = —1 s and
0 Q5 \@Q§
0.553 [ S?
— 40 ( 0 ) (41)
QO Q()
3\/6 Vig() )\KEInKpcKps
eqg — ——— s Ke = K’iC _— 42
Feq T M, a + Jwy, (42)
A, K
Keq2 = T £ (KicKps + KpcKis)a
AK I7LKicKis
Kogs = St (43)

Jw,

The dc-side state variables for the initial condition can be
obtained in [27], [31]

3/ P2+ Q3
Ty o & L. 0 0 44
dc 0 \/> 0= \/; Vi (44)
3\f P,
Ve 0 = Vigo - 0 (45)

T /P + Q2
V. VERIFICATION OF THE DEVELOPED DYNAMIC MODEL

To verify the accuracy of the developed dynamic model, the
developed dynamic model was compared against the detailed
switching model by two case studies. In the two case studies
being created, the dynamic responses of both models subjected
to the same system disturbances are simulated and compared.
The simulation is conducted using Matlab/Simulink.

A. Case Study 1

The parameters of the sample system [28] for Case Study 1
are given in Table I. The developed equivalent dynamic model
for Case Study 1 is shown in Table II.

Detailed switching model simulation circuit for the sample dc motor drive system using Matlab/Simulink (Case Study 1).

orr—{z=
den _p(g
Vig dP
Qo
wm ) s N[
Dis) da
Vig0
B AT'ULAZAUNZEASUNS
Static
Fig. 8. Developed dynamic model simulation circuit for dc motor drive

systems using Matlab/Simulink.

Figs. 7 and 8 show the simulation circuits using
Matlab/Simulink for the detailed switching model and the
developed dynamic model, respectively.

A three-phase voltage sag with the depth equal to 90% and
the duration equal to 0.25 s is applied to the utility power source
at the dc drive input at ¢ = 0.5 s. Fig. 9 shows the dynamic
responses of the developed dynamic model and the detailed
switching model subjected to this voltage sag.

B. Case Study 2

The parameters of the sample system [28] for Case Study 2
are given in Table III. The developed equivalent dynamic model
for Case Study 2 is shown in Table I'V. The simulation circuits
for the detailed switching model and the developed dynamic
model for Case Study 2 are similar to that of Case Study 1.

A three-phase voltage sag with the depth equal to 85% and
the duration equal to 0.25 s is applied to the utility power source
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Fig. 9. Dynamic responses of the developed dynamic model and the detailed
switching model for 90% voltage sag (Case Study 1).

TABLE III
PARAMETERS OF ELECTRICAL COMPONENTS IN THE SAMPLE DC MOTOR
DRIVE SYSTEM (CASE STUDY 2) [28]

Rated Power, HP 120 Load torque TL, N'm 1750
Nominal Voltage, V 220 Armature Resistance R, Q 0.06
Nominal Current, A 462 Smoothing Inductance L, mH | 4.3
Nominal Speed, rpm 560 Mutual Inductance Lgr, H 3.59
Motor Inertia, kg-m2 14.7 | Field Current /5, A 1.5

Controller parameter PI Speed controller: K, =118.4, K;=1369
PI Current controller: K,.=1.36, K;=0.072
Overload factor A=1.5

107.0kW+787.4kVar, supply voltage: 208V (L-

Initial Steady-state

Values L), 80%full speed
TABLE 1V
PARAMETERS OF THE DEVELOPED DYNAMIC MODEL (CASE STUDY 2)
Parameters Value
Dynamic Equations (37) and (38)
Model
v, 1.0
Py, Oy 107.0 kW, 87.4 kVar
o B.y [2.534, -1.944, 4.928]
H(s) 0.005 s*+0.474s* + 0.874s>
0.005s* +0.57s> +208.25% + 5.08¢3s +3.21e4
D(s) -0.0077 s* +0.423s°-1.341s>
0.005s* +0.57s +208.2s% +5.08¢3s +3.21e4

at the dc drive input at ¢ = 0.5 s. Fig. 10 presents the dynamic
responses of the developed dynamic model and the detailed
switching model subjected to this voltage sag.

Both case studies (see Figs. 9 and 10) have shown the close
match on the dynamic responses between the developed model
and the detailed switching model. Note that fast transients are
disregarded in the sense since large time steps (i.e., 1/2 cycles)
are used in power system dynamic studies.

A slight discrepancy in reactive power may appear. For
example, there is an error of reactive power, () (kVAr), between
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Fig. 10. Dynamic responses of the developed dynamic model and the detailed
model for 85% voltage sag (Case Study 2).

0.55 and 0.75 s in Fig. 9. This error was caused by the
polynomial approximation introduced in (35). Considering the
nature of small disturbances for dc drive ride-through cases,
only up to third-order terms are kept, and the higher order terms
are discarded. Although keeping the fourth and even higher
order terms can achieve higher accuracy, having up to third-
order terms appears to be sufficient to maintain a good balance
between the accuracy and the model simplicity.

In fact, the steady-state error for active power P (kW) and
reactive power () (kVAr) is always zero at the initial condition.
The initial values of the proposed model, (P, o), correspond
to a given steady-state operating point that the proposed model
is linearized from. Therefore, (P, Qo) is intentionally set to the
same value observed in the detailed model so that the dynamic
response of both models can be equally compared to each other.
Note that, in power system dynamic studies, the initial values
of the network injection (P, Qo) are specified by the user or
given based on the power flow data; other state variables within
the dynamic model will be initialized and recalculated based on
network injection.

The ringing effect in active power in Fig. 10 is caused by dis-
continuous and unbalanced ac-side current during the voltage
sag, which resulted from rectifier switching. These ripples are
in the frequency of 360 Hz, the same as the switching frequency
of the full-bridge rectifier. The ripples can be observed in
both the developed dynamic model and the detailed switching
model.

In summary, the study results show that the proposed equiv-
alent dynamic model can capture the dynamic behavior of
the detailed switching model adequately. The accuracy of the
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proposed model is deemed to be sufficient for power system
dynamic studies.

VI. CONCLUSION

In this paper, the dynamic modeling of dc motor drive sys-
tems has been investigated. The existing work treats dc drives as
effectively constant power loads, and there are no dynamic load
models available for dc motor drive systems. The contributions
of this paper are threefold: 1) it modeled the tripping criterion
of dc motor drive systems using a trip curve characterized by
fault depth and duration; 2) it developed a complete AVM for
the dc motor drive system, including the ac/dc converter, the
dc motor, and its associated control system; and 3) it utilized
the linearization approach to simplify the complete model as a
generic load model format where active and reactive power is
given as an explicit function of voltage.

The proposed dynamic model was compared against the
detailed switching model in two case studies. The study re-
sults show that the proposed model can sufficiently reflect the
dynamic response of the detailed switching model with an
acceptable degree of approximation.

In comparison to the detailed switching model, the proposed
model, based on AVM, is suitable for power system dynamic
studies where a large time step is required. Being expressed
in generic load model format, the proposed method is readily
inserted into commercial simulation software.

The proposed model is deemed to improve the load modeling
accuracy for power system dynamic studies such as small-
signal stability analysis and transient (large-disturbance) stabil-
ity analysis. Potential applications include load interconnection
studies, distribution planning, and other planning studies that
involve the industrial facilities powered by a large portion of dc
motor drive loads.
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