
Received February 8, 2020, accepted February 24, 2020, date of publication February 28, 2020, date of current version March 12, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.2977270

Dynamic Phasor Modeling of Various Multipulse
Rectifiers and a VSI Fed by 18-Pulse
Asymmetrical Autotransformer
Rectifier Unit for Fast
Transient Analysis
DONGSHENG YUAN 1,2, (Student Member, IEEE),
SHUHONG WANG 1,3, (Senior Member, IEEE),
AND YILU LIU 2,4, (Fellow, IEEE)
1Department of Electrical Engineering, Xi’an Jiaotong University, Xi’an 710079, China
2Department of Electrical Engineering and Computer Science, The University of Tennessee at Knoxville, Knoxville, TN 37996, USA
3State Key Laboratory of Electrical Insulation and Power Equipment, Xi’an 710079, China
4Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA

Corresponding author: Shuhong Wang (shwang@mail.xjtu.edu.cn)

ABSTRACT To study the fast modelling of dynamic characteristics caused by power electronic switching,
the dynamic phasor (DP) theory based on the time-varying Fourier decomposition and frequency shifting
is firstly applied to the modelling of various multipulse rectifiers. The DP model for symmetrical 12-pulse
phase-shifting reactor rectifier unit (PSR-RU) is derived with model order reduction, relations between ac
and dc terminals, and Taylor series expansion. The DP model of asymmetrical 18-pulse autotransformer
rectifier unit (AT-RU) is proposed based on the switching functions expressed in the DP domain. Meanwhile,
the DPmodel of voltage source inverter (VSI) fed by asymmetrical 18-pulse AT-RU is built with the harmonic
state-space (HSS) equations. Under both balanced and unbalanced conditions, the good calculation accuracy
and rapid simulation speed of the developed DP models are validated by the detailed time-domain (TD)
simulation.

INDEX TERMS Dynamic phasor, transient analysis, quick simulation, multipulse rectifier, voltage source
inverter.

NOMENCLATURE
EPS Electric power system
TD Time domain
DP Dynamic phasor
DPs Dynamic phasors
DB Diode bridge
QSS Quasi-steady-state
HSS Harmonic state-space
AT-RU Autotransformer rectifier unit
PSR Phase-shifting reactor
VSI Voltage source inverter
SPWM Sinusoidal pulse width modulation
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THD Total harmonic distortion
RMS Root mean square value
x(τ ) Time domain quasi-periodic signal
x(t) Time domain periodic signal
< x >k kth dynamic phasor
t, τ Time
p Coefficient of Taylor series
s Switching function
Jp Bessel Function
N Winding turns
ωs Angular frequency of fundamental wave
ωr Angular frequency of reference signal
ρ Pearson’s correlation coefficient
iA, iB, iC Power source side ac current
uV1, uW1, uU1 Voltages fed to the diode bridge
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ulead Voltage vector of Voltages fed to the
phase-lead diode bridge in 12-pulse PSR

udc Rectifier dc-side voltage
idc Rectifier dc-side current
iU, iV, iW Inverter ac-side current
R Rectifier dc-side resistor load
L Rectifier dc-side inductor load
C Rectifier dc-side capacitor load

I. INTRODUCTION
The modern electric power system (EPS) generally com-
prises many different power converters and contains mag-
netic devices and power electronic components. The dynamic
processes of EPS are with different time constants, such as
electromagnetic motion and electronic motion. The struc-
tural complexity and multi-time scale transients make the
dynamic characteristic analysis of power system to be
challenging [1]–[4]. To evaluate the system efficiency, power
quality, and dynamic performance efficiently, a quick and
precise simulation method with time-varying properties is
required [5], [6].

The multipulse rectifier unit consisting of magnetic parts
and power electronic components is an essential ac/dc power
conversion device in the EPS [7], [8]. A large number of
multipulse rectifier units have been used in the EPS because
of their simple configuration, high reliability, and low elec-
tromagnetic interference [9]–[11]. Thus, this paper aims to
simulate the dynamic characteristics of multipulse rectifier
units with an efficient method.

The detailed time-domain (TD) modelling and the state-
space averaging modelling are two general simulation
methods. The TD modelling is accurate but too time-
consuming for an extensive power conversion system. The
state-space averaging modelling with the quasi-steady-state
(QSS) assumption is fast, but it cannot reveal the har-
monic dynamics of the power conversion system.Meanwhile,
the fast simulation methods of multipulse rectifier units are
studied. Reference [12] proposes a functional model for the
symmetrical 18-pulse autotransformer rectifier unit (AT-RU),
where the 3-9-dc system is simplified to a 3-3-dc system.
Reference [13] achieves the fast simulation of 12-pulse
AT-RU by representing the three-phase diode bridge with
a dc transformer. These two models are based on the
fundamental switching function and Park’s transformation,
the evaluation for ac current harmonics and dc voltage
ripple is unavailable, and the second harmonics dramati-
cally decreases the simulation speed under the unbalanced
condition.

The generalized averaging technique, which is also called
as the dynamic phasor (DP) method, is firstly presented
in [14]. This method can be applied in periodically or nearly
periodically driven systems. Due to higher calculation accu-
racy than the QSS model and faster simulation speed than
the detailed TD model, the DP method has been used in
modelling of three-phase thyristor controlled reactor [15],

FIGURE 1. The waveform of the time-domain quasi-periodic signal.

high voltage direct current systems [16], and multi-generator
power systems [17]. However, the DP simulation of multi-
pulse rectifier units is not reported before.

Different forms to exhibit the DP model have been
used in the relevant references. In [18], the DP model of
a three-phase diode bridge is stated by transforming the
time-domain mathematical expressions between ac and dc
terminal into the DP domain. The DP models elaborated
in [19]–[23] are expressed with the harmonic state-space
(HSS) equations. Both approaches are adopted in this paper
to make the DP modelling of multipulse rectifier units
convenient.

Based on the DP theory, this paper aims to provide a solu-
tion to model the multipulse rectifiers, and extended power
system with multipulse rectifiers efficiently and accurately.
Here, only the effects caused by nonlinear power electronic
switching are considered, the effects of nonlinear magnetic
properties will be discussed in a separate work. The paper
is organized as follows. Section II revises the DP theory.
Section III introduces the DP model of three-phase diode
bridges into the modelling of symmetrical 12-pulse phase-
shifting reactor rectifier unit (PSR-RU), its applicability in
the modelling of symmetrical multipulse rectifier units as a
library element is also validated. Section IV proposes the
DP model of asymmetrical 18-pulse AT-RU. Section V puts
forward the DP model of voltage source inverter (VSI) fed by
18-pulse AT-RU, verifying that the DP model of multipulse
RU is of good applicability and transplantability within the
extended EPS models. Section VI shows the computation
efficiency of the developed DP models, and Section VII
concludes the paper.

II. DYNAMIC PHASOR THEORY
Under the QSS assumption, the average of state-variable x(t)
throughout T is defined as

〈x〉 (t) = 1/T ·
∫ t

t−T
x(τ )dτ (1)

where T is the period of the fundamental component.
To a time-domain quasi-periodic signal x(τ ) without QSS

assumption, as shown in Fig. 1, it can be regarded as a
periodic signal at the time moving window τ ∈ (t1 − T , t1].

Hence, x(τ ) can be represented as

x(τ ) =
∑∞

k=−∞
Xk (t)ejkωsτ , τ ∈ (t − T , t] (2)
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FIGURE 2. The baseband representation of quasi-steady state signal.

FIGURE 3. The baseband representation of the quasi-periodic signal.

where the kth Fourier coefficients Xk (t) are the kth Dynamic
phasors (DPs) [14]

〈x〉k = Xk (t) = 1/T
∫ t

t−T
x(τ )e−jkωsτdτ (3)

The DPs of x(τ ) are with time-varying properties. Formula
(3) equals to (1) when k is 0, that means one could retain only
the 0thDP in this generalized averagingmethod to recover the
traditional state-space averaging model.

To the signal x′(t) = a(t)cos[ωst + θ (t)] under QSS
assumption, the variation of amplitude a(t) and phase angle
θ (t) are minimal when compared with ωs. Here, ωs cor-
responds to the fundamental component of the system.
As shown in Fig. 2, x ′ (t) can be represented with its analyt-
ical signal z′(t) = a(t)ejθ (t)ejωst by discarding the negative
frequency component. Furtherly, z′(t) is frequency shifted
to the baseband signal x ′a (t) = a(t)ejθ (t), and x ′a (t) is the
fundamental phasor of x ′ (t). The baseband representation
makes it possible to use a large simulation time step, and this
is the reason using phasor representation under the steady-
state condition.

Unlike a(t) and θ (t) of x′(t) under the QSS assumption,
Xk (t) in (3) are time-varying and have wider bandwidth. As
shown in Fig. 3, all the frequency components of time-varying
signal x(τ ) can be transformed into the baseband signals
Xk (t). Hence the DP representation method meets simula-
tion requirements of the power electronics dominated power
system for the high calculation accuracy and fast simulation
speed.

The crucial properties of DPs are given below [16], [17].
First, the relationship between derivatives of variable x(τ )

and derivatives of kth DP Xk (t) is

〈dx(τ )/dt〉k = dXk (t)/dt + jkωsXk (t) (4)

Second, the product of two time-domain variables equals
the discrete-time convolution of corresponding DPs

〈xy〉k =
∑

i
〈x〉k−i 〈y〉i (5)

FIGURE 4. The circuit topology of 12-pulse PSR-RU.

Third, the relationship between Xk (t) and its complex con-
jugate X∗k (t) is

X−k (t) = X∗k (t) (6)

The time-domain signal can be restored from DPs as

x(τ ) = X0(t)+ 2 · Re
{∑∞

k=1
Xk (t)ejkωsτ

}
(7)

III. DP MODELLING FOR SYMMETRICAL
12-PULSE PSR-RU
The 12-pulse PSR-RU discussed in [11] is taken as an exam-
ple to evaluate the applicability of diode bridges DP model in
the modelling of multipulse rectifier unit [18].

Fig. 4 depicts the circuit topology of 12-pulse PSR-RU.
PSR-RU with small volume capacity works in series. The
input windingsWXM, WYN, andWZL connect with the power
source, the output windings WLU2, WLU1, WMV2, WMV1,
WNW2, and WNW1 connect with diode bridges. The winding
turn satisfy NXM = NYN = NZL, NV1M = NW1N = NU1L,
NV2M = NW2N = NU2L, andNV1M = NYN+NV2M. With this
kind of connection mode, the phase of ia’ and ia’’ are ahead
and lag of the phase of iA with the same angle θ . Based on the
principle of minimum Total Harmonic Distortion (THD), the
phase-shifting angle θ is θ = π/12. The fundamental current
of iA basically remain unchanged, while the nth harmonic
current would be reduced effectively.

The current and voltage phasor diagram of phase A is
plotted in Fig. 5, only the fundamental phasors are given here.
θ = π /12 is the phase-shifting angle; ϕ is the impedance

angle. The effect of 5th and 7th harmonic currents of i′a and
i′′a can be significantly reduced because of their phase differ-
ences is about π . uv1 and uv2 are with the same amplitude
and π /6 phase difference. Hence, it is reasonable to transform
the 12-pulse PSR-RU into two symmetrical three-phase diode
bridges.

According to the voltage phasor diagram shown in Fig. 5,
the relationship between voltages fed to diode bridges and
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FIGURE 5. The fundamental current and voltage phasor diagram of the
PSR.

FIGURE 6. The two separated diode bridges in 12-pulse PSR-RU.

voltages in the power source side can be obtained as
uV1 = 1/2

√
3(k3+k2)(uC−uB)+(1−

√
3/2k1)uA

uW1 = 1/2
√
3(k3+k2)(uA−uC)+(1−

√
3/2k1)uB

uU1 = 1/2
√
3(k3+k2)(uB−uA)+(1−

√
3/2k1)uC

uV2 =−1/2
√
3(k3+k2)(uC−uB)+(1−

√
3/2k1)uA

uW2 =−1/2
√
3(k3+k2)(uA−uC)+(1−

√
3/2k1)uB

uU2 =−1/2
√
3(k3+k2)(uB−uA)+(1−

√
3/2k1)uC

(8)

where, 
k1 = 2

√
3(1− cos2 θ )/3

k2 = (cos θ sin θ +
√
3(1− cos2 θ )/3)

k3 = (cos θ sin θ −
√
3(1− cos2 θ )/3)

(9)

Meanwhile, the relationship between input and output ter-
minal currents are 

iA = i′a + i
′′
a

iB = i′b + i
′′
b

iC = i′c + i
′′
c

(10)

The diode bridges in the 12-pulse PSR-RU can be sepa-
rated into two three-phase diode bridges, as shown in Fig. 6.
They are named as phase lead diode bridges and phase lag
diode bridges, respectively.

Here, only DP modelling of phase lead diode bridges is
analyzed due to the similarity.

The input voltages can be written as

ui(t) = Ui cos(ωt + ϕi), i = V1,W1,U1 (11)

With Euler formulate and DP definition, (12) is valid

ui(t) = 1/2 · Viejϕiejωt + 1/2 · Vie−jϕie−jωt

= 〈ui〉1 e
jωt
+ 〈ui〉−1 e

−jωt i = V1,W1,U1 (12)

As revealed in (8), DPs of ui(t), i = V1, W1, U1, can be
obtained from the power source voltages under both balanced
and unbalanced conditions. Assuming ulead is the voltage
vector representation of ui(t), the relationship between ulead
and three input voltages in DP domain is as below

uleade−jωt = ud, lead + juq, lead

=
2
3
[〈uV1〉1 + 〈uW1〉1 e

j·2π/3
+ 〈uU1〉1 e

−j·2π/3]

+
2
3
e−j2ωt [〈uV1〉∗1 + 〈uW1〉

∗

1 e
j·2π/3

+〈uU1〉∗1 e
−j·2π/3] (13)

Therefore, the dq components of ulead in DP domain can
be derived as

ud, lead = Ud, lead,0 · ej(0·ωt)

+
Ud, lead,2 − jUq, lead,2

2
· ej(2·ωt)

+
Ud, lead,2 + jUq, lead,2

2
· ej(−2·ωt)

=
〈
ud, lead

〉
0 · e

j(0·ωt)
+
〈
ud, lead

〉
2 · e

j(2·ωt)

+
〈
ud, lead

〉
−2 · e

j(−2·ωt)

uq, lead = Uq, lead,0 · ej(0·ωt)

+
Uq, lead,2 + jUd, lead,2

2
· ej(2·ωt)

+
Uq, lead,2 − jUd, lead,2

2
· ej(−2·ωt)

=
〈
uq, lead

〉
0 · e

j(0·ωt)
+
〈
uq, lead

〉
2 · e

j(2·ωt)

+
〈
uq, lead

〉
−2 · e

j(−2·ωt)

(14)

where,

Ud, lead,0

= 2/3 · Re
[
〈uV1〉1+〈uW1〉1 e

j·2π/3
+ 〈uU1〉1 e

−j·2π/3
]

Uq, lead,0

= 2/3 · Im
[
〈uV1〉1 + 〈uW1〉1 e

j·2π/3
+ 〈uU1〉1 e

−j·2π/3
]

Ud, lead,2

= 2/3 · Re
[
〈uV1〉∗1 + 〈uW1〉

∗

1 e
j·2π/3

+ 〈uU1〉∗1 e
−j·2π/3

]
Uq, lead,2

= 2/3 · Im
[
〈uV1〉∗1 + 〈uW1〉

∗

1 e
j·2π/3

+ 〈uU1〉∗1 e
−j·2π/3

]
(15)

Without considering the dc voltage drop caused by com-
mutation effect, the time-domain dc voltage udc,lead can be
represented with dq components of ulead

udc, lead =
3
√
3

π

√
u2d, lead + u

2
q, lead (16)

Hence, udc,lead can be restored with DPs by expanding (16)
into Taylor series concerning ud,lead and uq,lead [18].

udc, lead=
〈
udc, lead

〉
0+2 ·

〈
udc, lead

〉
2 e

j2ωt
+2 ·

〈
udc, lead

〉
4 e

j4ωt

(17)
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where,〈
udc, lead

〉
0 = p0 + p3

〈
ud, lead

〉
2

〈
ud, lead

〉
−2

+p4
〈
uq, lead

〉
2

〈
uq, lead

〉
−2

+p5/2 ·
(〈
ud, lead

〉
2

〈
uq, lead

〉
−2

+
〈
ud, lead

〉
−2

〈
uq, lead

〉
2

)
〈
udc, lead

〉
2 = p1

〈
ud,lead

〉
2 + p2

〈
uq, lead

〉
2〈

udc, lead
〉
4 = p3/2! ·

(〈
ud, lead

〉
2

)2
+ p4/2! ·

(〈
uq, lead

〉
2

)2
+p5/2! ·

(〈
ud, lead

〉
2

〈
uq, lead

〉
2

)
(18)

pm(m = 0, 1, . . . , 5) are the coefficients of Taylor series at
point (Ud,lead,0, Uq,lead,0).

p0 = f1(Ud, lead,0,Uq, lead,0)

= 3
√
3/π ·

√
U2
d, lead,0 + U

2
q, lead,0

p1 =
∂f1(Ud, lead,0,Uq, lead,0)

∂Ud, lead,0

=
3
√
3

π
·

Ud, lead,0√
U2
d, lead,0 + U

2
q, lead,0

p2 =
∂f1(Ud, lead,0,Uq, lead,0)

∂Uq, lead,0

=
3
√
3

π

Uq, lead,0√
U2
d, lead,0 + U

2
q, lead,0

p3 =
∂2f1(Ud, lead,0,Uq, lead,0)

∂U2
d, lead,0

=
3
√
3

π

(Uq, lead,0)2

(U2
d, lead,0 + U

2
q, lead,0)

3/2

p4 =
∂2f1(Ud, lead,0,Uq, lead,0)

∂U2
q, lead,0

=
3
√
3

π

(Ud, lead,0)2

(U2
d, lead,0 + U

2
q, lead,0)

3/2

p5 = 2
∂2f1(Ud, lead,0,Uq, lead,0)
∂Ud, lead,0∂Uq, lead,0

= −2
3
√
3

π

Ud, lead,0Uq, lead,0

(U2
d, lead,0 + U

2
q, lead,0)

3/2

(19)

Formula (16) is derived without considering the affection
of harmonic components. The 6th harmonic of dc voltage
caused by 5th and 7th switching harmonics is given as〈

udc, lead
〉
6 = r ·

(
1/2 · udc, lead,6ejϕdc, lead,6

)
(20)

where,
udc, lead,6 = −

3
√
3

5π

√
V 2
d, lead,0 + V

2
q, lead,0

+
3
√
3

7π

√
V 2
d, lead,0 + V

2
q, lead,0

ϕdc, lead,6 = 6 tan−1(Vq, lead,0/Vd, lead,0)

(21)

r = 1/2 is used to compensating the voltage ripple differ-
ence between 12-pulse rectifier and simplified 6-pulse recti-
fier. Finally, udc,lead can be recovered from its corresponding

DPs.

udc, lead(t) =
〈
udc, lead

〉
0+2 · Re

{∑
k=2,4,6

〈
udc, lead

〉
k · e

jkωt
}

(22)

Assuming < idc >0= idc(t), that means the 0th DP
contains all information of current idc(t) [18]. For the phase
lead diode bridges, the vector of the input current is im,lead,
and it has < im,lead >0= im,lead. The relationship between
im,lead and idc is as follows:〈

im, lead
〉
0 = 1/2 ·

(
2
√
3/π · 〈idc〉0

)
=
√
3/π · idc (23)

The dq components of im,lead in DP domain are as below
〈
id, lead

〉
n =

∑
n=0,±2,±4

〈
im, lead

〉
0 〈cosϕlead〉n〈

iq, lead
〉
n =

∑
n=0,±2,±4

〈
im, lead

〉
0 〈sinϕlead〉n

(24)

Besides,

cosϕlead = f (ud, lead, uq, lead)

= ud, lead/
√
(ud, lead)2 + (uq, lead)2

sinϕlead = f (ud, lead, uq, lead)

= uq, lead/
√
(ud, lead)2 + (uq, lead)2 (25)

Similar to (16), DPs of cos ϕleadand sin ϕlead can be
obtained by using the Taylor expansion method.

Furthermore, the time-domain expressions of id,lead and
iq,lead can be recovered from their DPs representation as id, lead =

〈
id, lead

〉
0 + 2 · Re[

∑
n=2,4

〈
id, lead

〉
n e

jnωt ]

iq, lead =
〈
iq, lead

〉
0 + 2 · Re[

∑
n=2,4

〈
iq, lead

〉
n e

jnωt ]
(26)

Based on (9), (23) and dq0/abc transformation, the time-
domain value of iA(t), iB(t), and iC(t) can be derived.

Assuming the RMS value of the voltage source in Fig. 4 is
220V, uA becomes zero at time t = 1.0s; the frequency
is 50Hz; the dc side load consists of L = 1200µH, C =
500µF, R = 25�. The parameters of core and winding for
PSR are the same as [11]. The detailed TD model built with
MATLAB/Simulink is used as a benchmark, where the PSR is
represented with nine dimensions inductance matrix. The dc
side voltage and ac side currents gained from the two models
are shown in Fig. 7 and Fig. 8.

For the symmetrical 18-pulse AT-RU, three sets of voltages
are produced by symmetrical AT and fed to three three-phase
diode bridges. These voltages are with the same magnitude
and 2π /9 phase shift. Each diode in the three-phase diode
bridges has the same conducting period. The modelling of
diode bridges in symmetrical 18-pulse AT-RU can be simpli-
fied to one three-phase diode bridges [12]. However, three
sets of voltages produced by asymmetrical AT are with dif-
ferent magnitudes, and diode bridges in various three-phase
diode bridges have different conducting period. Thus, the DP
model of three-phase diode bridges cannot be directly used in
the modelling of asymmetrical 18-pulse AT-RU.
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FIGURE 7. The dc side voltage of 12-pulse PSR-RU.

FIGURE 8. The ac side currents of 12-pulse PSR-RU.

FIGURE 9. The circuit topology of asymmetrical 18-pulse AT-RU.

IV. DYNAMIC MODELLING FOR THE ASYMMETRICAL
18-PULSEAT-RU
The asymmetrical 18-pulse AT-RU is shown in Fig. 9. DB-1,
DB-2, and DB-3 are three three-phase diode bridges. DB-1 is
directly powered by the power source (va, vb, vc). The primary
windings of AT are triangle-connected to the power source,
two taps derived from each primary winding connect the
secondary windings of other two cores. Two additional three-
phase voltages (va2, vb2, vc2) and (va3, vb3, vc3) are formed
by vector superposition. DB-2, and DB-3 are driven by these
two auxiliary three-phase voltages. The phase-shifting angle
between va and va2, va and va3 are 37π /180, the phase-
shifting angle between adjacent 18 sets of line voltage is π /9.
Fig. 10 illustrates the voltages fed to diode bridges of asym-
metrical 18-pulse AT-RU.

In Fig. 9, va, vb, and vc are equal to the power source
voltages vA, vB, and vC. The relationship between the voltages
fed to diode bridges and the power source voltages are given

FIGURE 10. The waveforms of voltages fed to diode bridges.

as
va2 = f1(va, vb, vc) = (1− q1)va+(q1+q2)vb − q2vc

vb2 = f2(va, vb, vc) = −q2va+(1−q1)vb+(q1+q2)vc

vc2 = f3(va, vb, vc) = (q1+q2)va − q2vb+(1− q1)vc
va3 = f4(va, vb, vc) = (1− q1)va − q2vb+(q1+q2)vc

vb3 = f5(va, vb, vc) = (q1+q2)va+(1− q1)vb − q2vc

vc3 = f6(va, vb, vc) = −q2va+(q1+q2)vb+(1− q1)vc

(27)

where,{
q1 = Np1/Np = 0.258; q2 = Ns/Np = 0.137
Np = 2Np1 + Np2

(28)

Np1, NP, Np2, and Ns are the corresponding winding turn,
as shown in Fig. 9.

According to Kirchhoff’s current law and principle of mag-
netic potential balance, the relationship among the power side
currents and the three sets of currents fed to diode bridges can
be obtained as

iA = ia1 + (1− q1) · (ia2 + ia3)− q2 · (ib2 + ic3)
+(q1 + q2) · (ib3 + ic2)

iB = ib1 + (1− q1) · (ib2 + ib3)− q2 · (ic2 + ia3)
+(q1 + q2) · (ic3 + ia2)

iC = ic1 + (1− q1) · (ic2 + ic3)− q2 · (ia2 + ib3)
+(q1 + q2) · (ia3 + ib2)

(29)

Based on Fig. 10, the switching functions of diode bridges
are plotted in Fig. 11. For each diode in DB-1, the conducting
period is 4π /9. For each diode in DB-2 and DB-3, the con-
ducting period is π /9.
The corresponding switching functions of DB-1, DB-2,

andDB-3 can be derived in (30), as shown at the bottom of the
next page. Thus, the relationship between the dc-link voltage
and the three sets of input voltages can be written as shown
in the following (31).

udc = (sava + sbvb + scvc)+
(
sa2va2 + sb2vb2 + sc2vc2

)
+
(
sa3va3 + sb3vb3 + sc3vc3

)
(31)
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FIGURE 11. The switching functions of three groups diode bridges.

Then, udc can be transformed into the DP domain as below

〈udc〉k
=
{
〈sava〉k + 〈sbvb〉k + 〈scvc〉k

}
+
{〈
sa2va2

〉
k +

〈
sb2vb2

〉
k +

〈
sc2vc2

〉
k

}
+
{〈
sa3va3

〉
k +

〈
sb3vb3

〉
k+
〈
sc3vc3

〉
k

}
, k = 0,±2, . . .

(32)

Based on (27) and Euler formulate, the voltages fed to
diode bridges in the DP domain can be derived. Similarly,
the DPs of switching functions of three three-phase diode
bridges can be obtained from (30).

For the asymmetrical 18-pulse AT-RU, udc mainly contains
the dc component and 18th component under the balanced
condition. The disturbance caused by unbalanced fault will
appear in the form of harmonics, which are integer multiple of
the 2nd harmonic component. The dominant kth(k = 0, ±2,
±4,±18) harmonics are retained to achieve fast and accurate
simulation, while the other insignificant terms are neglected.

FIGURE 12. The dc side voltage of asymmetrical 18-pulse AT-RU.

The relationships among dc current and input currents of
three three-phase diode bridges in DP domain are gained as


〈ia1〉k = 〈saidc〉k
〈ib1〉k = 〈sbidc〉k
〈ic1〉k = 〈scidc〉k


〈ia2〉k = 〈sa2idc〉k
〈ib2〉k = 〈sb2idc〉k
〈ic2〉k = 〈sc2idc〉k

〈ia3〉k = 〈sa3idc〉k
〈ib3〉k = 〈sb3idc〉k
〈ic3〉k = 〈sc3idc〉k

(33)

The DPs of idc is available after getting< udc >k , the DPs
of currents can be derived from (33), then the input currents
in the power source side can be achieved from (29).
Assuming the RMS value of voltage source is 105V; the

frequency is 400Hz; the dc side resistor load is R = 6�;
the core type of AT is SR20kW; Np1 = 67; Np2 = 125;
Ns = 35; vA becomes zero at time t = 1.0s. The AT in
the detailed TD model is represented with fifteen dimensions
mutual inductance matrix.
The dc side voltage udc(t) and ac side current iA(t) obtained

from the detailed TD model and the DP model are compared
in Fig. 12 and Fig. 13, respectively.

sa =
∞∑
n=1

cos(5nπ/18)
nπ

[−1− cos(2nπ )+ 2 cos(nπ )] cos(nωt +
π

2
), n = 1, 3, 5, 7, . . .

sa2 =


2
√
2
∞∑
n=1

√
1− cos(−nπ/9)

nπ
cos

[
nωt −

π

2
− arctan

sin(5nπ/18)− sin(3nπ/18)
cos(3nπ/18)− cos(5nπ/18)

]
, n = 1, 3, 11, 13, . . .

2
√
2
∞∑
n=1

√
1− cos(−nπ/9)

nπ
cos

[
nωt +

π

2
− arctan

sin(5nπ/18)− sin(3nπ/18)
cos(3nπ/18)− cos(5nπ/18)

]
, n = 5, 7, 9, 15, 17, . . .

sa3 =


2
√
2
∞∑
n=1

√
1− cos(−nπ/9)

nπ
cos

[
n(ωt+

10
18
π )−

π

2
− arctan

sin(5nπ/18)−sin(3nπ/18)
cos(3nπ/18)− cos(5nπ/18)

]
, n = 1, 3, 11, 13, . . .

2
√
2
∞∑
n=1

√
1−cos(−nπ/9)

nπ
cos

[
n(ωt+

10
18
π )+

π

2
− arctan

sin(5nπ/18)−sin(3nπ/18)
cos(3nπ/18)− cos(5nπ/18)

]
, n = 5, 7, 9, 15, 17, . . .

(30)

VOLUME 8, 2020 43151



D. Yuan et al.: DP Modeling of Various Multipulse Rectifiers and a VSI Fed by 18-Pulse Asymmetrical AT-RU

FIGURE 13. The ac side current of asymmetrical 18-pulse AT-RU.

FIGURE 14. The circuit of VSI fed by asymmetrical 18-pulse AT-RU.

It can be known that the DP model can efficiently reflect
the dynamic characteristic of asymmetrical 18-pulse AT-RU,
under both balanced and unbalanced conditions.

V. DP MODELLING FOR VSI FED BY 18-PULSE AT-RU
To verify the interfacing of the DP model of multipulse RU
within extended EPS models, a voltage source inverter (VSI)
fed by the asymmetrical 18-pulse AT-RU is studied. The
circuit topology is shown in Fig. 14.

Fig. 15 illustrates the principle of the two-level Sinusoidal
Pulse Width Modulation (SPWM) method.

By comparing the reference signal Ur sin(ωr t + ϕ) to the
triangular carrier signal uc(t) with much higher frequency,
the switching functions of inverter bridges in a period of the
triangular carrier signal can be derived. Only sU(t) is given as

sU (t) =


−1/2 −π ≤ ωct ≤ θ1
1/2 θ1 ≤ ωct ≤ θ2
−1/2 θ2 ≤ ωct ≤ π

(34)

where θ1 can be derived by properties of similar triangular1
ABC and 1 ADE, θ2 can be gained with the same way.{

θ1 = −π/2− π/2 · m · sin(ωr t + ϕ)
θ2 = π/2+ π/2 · m · sin(ωr t + ϕ)

(35)

where m is the modulation index.

FIGURE 15. The principle of SPWM control strategy.

The Fourier series expansion of (34) is shown in (36), as
shown at the bottom of this page.

Where the Bessel Function can be represented by{
Jp(x) =

∑∞

m=0
(−1)m/(m!0(p+m+1)) · (x/2)2m+p

0(p+ m+ 1) = (p+ m)!
(37)

The DP modelling of the rectifier part is detailed in
Section IV. Thus, this section is mainly illustrating the DP
modelling of the inverter part.

According to Fig. 14, the state-space equation at the
inverter side can be written as (38).

diU/dt = 1/L(u′dcsU − RiU)

diV/dt = 1/L(u′dcsV − RiV)

diW/dt = 1/L(u′dcsW − RiW)

du′dc/dt = 1/C (idc1 − sUiU − sViV − sWiW)

didc1/dt = −1/2L0
(
u′dc − udc

)
− R0/L0idc1 (38)

where udc is the input of this state-space equation, and it is
directly derived from (31).

In Fig. 14, supposing the frequency of power source uA
(uB, uC) is 400Hz, the frequency of output terminal current
iU (iV, iW) is 50Hz. It is knows that udc(t) mainly con-
tains dc component and 18th (7200Hz) harmonic component
under balanced condition, and the 2nd harmonic (800Hz)
will appear under unbalanced condition. To the inverter,
the impact of high frequency 18th harmonic voltage in udc(t)
can be neglected. Here, the 2nd harmonic (800Hz) of udc is


sU,1 = 1/2 · m · sin(ωr t+φ)

sU,n,l =
1
2
·

∞∑
n=1

(
4
nπ

)

 2
∞∑
l=1

J2l−1(mnπ2 ) sin [(2l − 1)(ωr t+φ)] cos nπ2 +[
J0(mnπ2 )+ 2

∞∑
l=1

J2l(mnπ2 ) cos(2l)(ωr t + φ)
]
sin nπ

2

 cos(nωct)
(36)
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FIGURE 16. The simulation results obtained by the detailed TD model.

FIGURE 17. The simulation results obtained by the DP model.

renamed as 16th harmonic since the frequency of reference
signal Ur sin(ωrt+8) in Fig. 15 is 50Hz. Therefore, the DPs
of udc(t) are < udc >0, < udc >16 and < udc >−16; the
DPs of u′dc(t) are<u′dc >0,<u′dc >16, and<u′dc >−16; the
DPs of idc1(t) are < idc1 >0, < idc1 >16, and < idc1 >−16.
High order harmonics will be eliminated by inductive loads,
thus, the considered DPs of sU(t), sV(t), and sW(t) are <
sU >1, < sU >−1, < sV >1, < sV >−1, < sW >1,
and < sW >−1. The 16th component of u′dc(t) and the
fundamental component of switching function are retained,
since iU(t) is based on u′dc(t) and sU(t), the DPs of iU(t) are
< iU >1, < iU >−1, < iU >15, < iU >−15, < iU >17, and
< iU >−17.
Based on (4), (5), and (6), the state-space equation in the

DP domain can be gained by replacing the time-domain vari-
ables in (38) with their DPs [19], [20]. The real and imaginary
parts of DPs are furtherly separated to improve the calculation
speed. Since the whole state-space equation in the DP domain
is too large to show here, only the DP domain equations of
diU/dt are presented in (39).

d 〈iU〉R1
dt

= −
R
L
〈iU〉R1 + ω 〈iU〉

I
1 +

1
L

〈
u′dc
〉
0 〈sU〉

R
1

d 〈iU〉I1
dt

= −ω 〈iU〉R1 −
R
L
〈iU〉I1 +

1
L

〈
u′dc
〉
0 〈sU〉

I
1

d 〈iU〉R15
dt

= −
R
L
〈iU〉R15 + 15 · ω 〈iU〉I15

+
1
L

[〈
u′dc
〉R
16 〈sU〉

R
1 +

〈
u′dc
〉I
16 〈sU〉

I
1

]
d 〈iU〉I15

dt
= −15 · ω 〈iU〉R15

−
R
L
〈iU〉I15 −

1
L

[〈
u′dc
〉R
16 〈sU〉

I
1 −

〈
u′dc
〉I
16 〈sU〉

R
1

]

d 〈iU〉R17
dt

= −
R
L
〈iU〉R17 + 17 · ω 〈iU〉I17

+
1
L

[〈
u′dc
〉R
16 〈sU〉

R
1 −

〈
u′dc
〉I
16 〈sU〉

I
1

]
d 〈iU〉I17

dt
= −17 · ω 〈iU〉R15 −

R
L
〈iU〉I17

+
1
L

[〈
u′dc
〉R
16 〈sU〉

I
1 +

〈
u′dc
〉I
16 〈sU〉

R
1

]
(39)

As illustrated in Fig. 3, the negative DPs do not contain any
additional information of the time-domain signal. Here, only
positive orders of DPs are applied.

Assuming the parameters of asymmetrical 18-pulse AT-RU
are the same as that given in section IV, uA becomes zero at
time t = 0.3s. The smoothing reactor Z is with R0 = 0.02�
and L0 = 20mH; C0 = 300µF; the RL load consists of R =
3� and L = 1mH. To the carrier-based two-level SPWM
method, the frequency of carrier signal is fc = 10kHz; the
frequency of reference signal is fr = 50Hz; the minimum
and maximum values of the carrier signal are −1 and 1; the
modulation index is 0.8.

By using the detailed TD simulation model and the DP
simulation model, the waveforms of state-space variables iU,
iV, iW, u′dc, and idc1 are plotted in Fig. 16 and Fig. 17,
respectively. Meanwhile, the power source side current iA
and the dc-link voltage udc in the rectifier side are drawn
in Fig. 18.

All these results reveal that the DP model can accurately
reflect the dynamic characteristics of VSI fed by the 18-pulse
asymmetrical AT-RU, under both balanced and unbalanced
conditions.
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FIGURE 18. The waveforms of input current iA and dc side voltage udc obtained by the two methods.

TABLE 1. The computation efficiency comparision.

VI. COMPUTATION EFFICIENCY OF DP MODELLING
The DP models are coded with m-file in MATLAB, and the
detailed TD models are built with MATLAB/Simulink. The
computation time is recorded by the software automatically.

In TABLE 1, tTD and tDP are the computation time of
the two models. The DP model for symmetrical 12-pulse
PSR-RU achieves 16.9 times faster computation time than
the detailed TD model, and this acceleration factor becomes
11.3 times and 25.1 times for the asymmetrical 18-pulse
AT-RU and the VSI fed by asymmetrical 18-pulse AT-RU.
The total harmonic distortion (THD) of iA under the balanced
condition is also analyzed, and the maximum error between
the DP simulation and the detailed TD simulation is about
0.33%. ρ(iA) and ρ(udc) are Pearson’s correlation coefficient
of waveforms iA and udc obtained by DP and TD models.
All of them are close to 1, showing that theDPmodels achieve
a good calculation accuracy.

VII. CONCLUSION
The accurate and fast simulation models of the various multi-
pulse rectifier units and the VSI fed by asymmetrical 18-pulse
AT-RU are proposed in this paper. The diode bridges of
the 12-pulse PSR-RU can be simplified to two three-phase
diode bridges due to the symmetrical properties, and deriva-
tion of the DP model is based on the relations between ac
and dc terminals. This approach is useful for the DP mod-
elling of symmetrical multipulse rectifiers. TheDPmodelling
of asymmetrical 18-pulse AT-RU is mainly based on the
switching functions expressed in the DP domain. This way
applies to all kinds of multipulse rectifiers. To the VSI fed

by asymmetrical 18-pulse AT-RU, the dynamic performance
is revealed by solving the state-space equations in the DP
domain. This method may result in huge size equations for
an extensive power conversion system.

The efficiency of proposed three DP models are verified
by the detailed TD models, respectively. The proposed DP
models achieve at least 11.3 times faster computation time
than the detailed TD model. The maximum error of ac side
current harmonic distortion between the DP model and the
detailed TD model is 0.33%.

The proposed DP models cover the various multipulse
rectifier units, and can be used as library elements interfac-
ing within extended EPS models such as the VSI given in
this paper. Predictably, the efficiency of the DP model will
become increasingly apparent for a much more complicated
power electronics dominated power system.
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