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Abstract— Detailed switch-level models of high-pulse-count 

converters are relatively straightforward to implement using 
commonly available simulation packages used for digital time-
domain simulations and studying of power systems transients. 
However, such models are computationally intensive due to 
switching, and could become the bottle-neck for system-level 
studies with large number of components and controllers. This 
paper describes approaches for developing dynamic average-
value models, i.e., the analytical derivations and parametric 
modeling. The resulting approximate models do not represent 
switching but still capture the transient behavior of the original 
converter circuit. The paper presents the results for 3- and 6-
phase rectifiers implemented in PSCAD/EMTDC and 
Matlab/Simulink and shows that dynamic average models can be 
very effective. The paper also shows that as the number of 
pulses/phases increases, so does the complexity of switching 
pattern that defines the operating modes. 
 

Index Terms-- Average-value modeling, digital simulation, 
line-commutated converters, operational modes, rectifiers. 

I.  INTRODUCTION 

ETAILED models of high-pulse-count converters 
where switching of all semiconductor devices is 

represented can be readily carried out using available digital 
time-domain simulation packages [1]–[4]. The resulting 
models have been investigated in the literature quite 
extensively and are shown to be sufficiently accurate for 
many practical cases including 3-, 5-, and 6-phase 
configurations. However, due to the inherent repeated 
switching, these models are computationally intensive and 
could be the bottle-neck for the system-level studies that 
consider a large number of components and controllers. 
Moreover, detailed switching models are discontinuous and 
cannot be linearized and used effectively for the small-signal 
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analysis. These challenges have lead to the development of 
the so-called average-value models (AVMs) in which the 
effect of fast switching is neglected (or averaged) within a 
prototypical switching interval. The AVMs described in this 
paper are based on averaging the ac currents and voltages in 
synchronously rotating qd coordinates, which implies that the 
switching harmonics are not represented on either ac side or 
the dc link side. In other words, the ac variables in qd 
coordinates and the dc link variables all appear constant in 
steady state.    

The resulting models are computationally efficient and 
could run orders of magnitudes faster than the original 
switching models. Such AVMs can therefore be used for 
simulations of systems transients where the switching 
harmonics (i.e. the harmonics due to converter switching 
injected into the ac grid or the dc link) are neglected. 
Additionally, since AVMs are time-invariant, they can be 
linearized about any desired operating point for small-signal 
analysis, i.e., obtaining local transfer functions. 

Construction of AVMs for line-commutated converters 
requires averaging of current/voltage waveforms over a 
prototypical switching interval, and may be carried out using 
several approaches. For example, in simplified cases where 
only certain operating modes are considered, such averaging 
may be done analytically [5]–[7]. However, as the number of 
pulses increases (which is the case when one considers 3-, 5-, 
and 6-phase configurations) the complexity of switching 
pattern and the number of possible operational modes 
increase as well. The possibility of multiple operating modes 
makes the analytical derivations quite challenging [8]–[11]. 

Average-value models may also be constructed using the 
parametric approach in which the final AVM is assumed to 
have a well-defined structure and the key model parameters 
are numerically extracted using the detailed simulations, thus 
avoiding the need for complicated analytical derivations. The 
resulting model is seamlessly functional in all operational 
modes. However, the detailed switch-level model of the 
system should be implemented first and run over a wide range 
of operating points to ensure that the parametric functions are 
extracted to cover the required range.  

Regardless of the approach used to develop the AVM, 
once the AVM is constructed, it should be capable of 
predicting the average behavior of the detailed switching 
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converter circuit. The AVM is also computationally efficient 
as there are no switching events that would typically require 
smaller time steps and/or interpolation (or iterations) for 
accurately locating the opening or closing of the diodes in the 
circuit. 

II.  DETAILED ANALYSIS 

Commonly used high-pulse-count converters include 6-, 
12-, 18-, and 24-pulse configurations. To facilitate the 
discussion in this paper, it is convenient to start the detailed 
analysis of multi-pulse converters with a brief review on the 
well-established behavior of the 3-phase (6-pulse) bridge 
rectifier shown in Fig. 1. The system is composed of a 
balanced 3-phase source abcse , commutating inductance cL , 

six diodes 61 SS − , a dc-link filter dcr , dcL , C , and a load 

LR . The voltage across the load is defined as de . Assuming 

balanced operation, the input phase voltages are 

( )eas Ee θcos2= , (1) 

⎟
⎠

⎞
⎜
⎝

⎛ −=
3

2
cos2

πθebs Ee , (2) 

⎟
⎠

⎞
⎜
⎝

⎛ +=
3

2
cos2

πθecs Ee , (3) 

where eθ  is the electrical angle of the source, and E  is the 

rms value of the phase voltage. 
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Fig. 1. Conventional 3-phase 6-pulse rectifier system. 

 
As the load on the dc bus may change in a wide range, 

from a light load to a short circuit, three different switching 
patterns are observed for this system resulting in three 
operational modes [12]. The typical waveforms of the phase 
currents, corresponding to the three operational modes, are 
shown in Fig. 2. The corresponding waveforms of the dc bus 
voltage dcv  are sketched in Fig. 3. 

As shown in Figs. 2 and 3, there exist six equal switching 
intervals within a single electrical cycle defined by eθ . Within 

Mode 1, each switching interval is divided into two 
subintervals referred to as commutation and conduction [5]. 
During the conduction subinterval ( condt ) only two diodes 

conduct. During the commutation subinterval ( comt ) 

corresponding to the commutation angle ecomt ωμ ⋅= , three 

diodes conduct and the current is switched from one phase to 
another. Therefore, in Mode 1, a conduction pattern of 2-3 
diodes is observed within each 60 electrical degrees, and 

oo 600 << μ . Mode 2 may be achieved by increasing the load 

current. In this mode, the commutation angle μ  increases and 

reaches 60 degrees. This result in disappearance of the 
conduction subinterval and three diodes carry current 
throughout the switching intervals. This mode can be clearly 
observed in Fig. 3 (middle plot), wherein all intervals became 
uniform. If the load current is further increased, after a certain 
point the commutation angle μ  starts to increase as well, and 

results in Mode 3. This changes the sequence of topologies 
and the switching pattern contains 3-4 conducting diodes. 
Note that this mode contains a topology with 4 simultaneously 
conducting diodes which momentary short-circuits the output 
dc voltage dcv  as depicted in Fig. 3 (bottom plot). 
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Fig. 2. Typical waveforms of phase currents in different operating modes. 
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Fig. 3. Typical waveforms of dc bus voltage in different operating modes. 

 
The operational modes depicted in Figs. 2 and 3 are 

summarized in Table I together with the corresponding 
commutation angle and the conduction pattern. To span these 
modes, one can vary the load from open circuit to short 
circuit, which is also depicted in the regulation characteristic 
in Fig. 4. Here, the dc output voltage dV  along the vertical 
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axis is scaled by the open-circuit voltage 3,0dV  and the dc 

output current dI  along the horizontal axis is scaled by the 

short-circuit current 3,dscI . These quantities are calculated 

respectively as 

π
E

Vd
63

3,0 = , (4) 

ce
dsc L

E
I

ω
2

3, = , (5) 

where eω  is the electrical angular velocity of the source. 
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Fig. 4. Steady state regulation characteristic for the 3-phase 6-pulse bridge 

converter. 

 
TABLE I 

OPERATIONAL MODES OF THE CONVENTIONAL 3-PHASE 6-PULSE RECTIFIER 
Operational 

Modes 
Conduction 

Pattern 
Commutation 

Angle 

1 2-3 oo 600 << μ  

2 3 o60=μ  

3 3-4 oo 12060 << μ  

 
Converters with higher pulse-count include 12-, 18-, and 

24-pulse configurations, which are generally considered to 
improve the quality of dc voltage and current at the output 
terminals. For the purpose of this paper, a 6-phase 12-pulse 
rectifier shown in Fig. 5 is considered. A similar configuration 
may be achieved by utilizing two sets of wye/delta windings 
of a conventional 3-phase system (transformer and/or 
synchronous generator). Without the loss of generality, the 
two six-pulse bridges form a parallel connection. The 
displacement angle between the two 3-phase sets is commonly 
chosen to be 30 electrical degrees, however in certain 
applications the displacement angle may be 60 electrical 
degrees [13]. The configuration of the 12-pulse rectifier may 
also be varied by either including or excluding the Inter-Phase 
Transformer (IPT) and by connecting/disconnecting the 
neutral points of the two sets of 3-phase voltage sources. 
These configurations result in a more complicated switching 

pattern and a large number of operational modes which are 
more difficult to establish analytically [13], [14]. 

Modes of operation for the case of 30-degree displacement 
angle, disconnected neutrals, and without the inter-phase 
transformer, have been analytically established in [10] 
wherein a simplified case of constant dc bus current is 
assumed. These modes are summarized in Table II and the 
regulation characteristic for this case is shown in Fig. 6. 
Reference [10] also assumes a case with an ideal inter-phase 
transformer, i.e., the magnetizing reactance of the IPT is 
assumed to be infinite. Thus the load current will be equally 
shared between the two bridges which operate independently. 
Under these assumptions, the operational modes may be 
derived by analyzing one of the bridges with one-half of the 
load current [10]. Three modes of operation are then 
recognized which are summarized in Table III. It should be 
noted that in a case of non-ideal inter-phase transformer, the 
regulation characteristic will lie between these two extreme 
cases [10]. 

����

����

�

�

�
�

���� �

� �
�

�
�

�
� �

�
�
�

�

�

����

 

��	�
�
�

�

��

	
��

�

�

�

�

��

���

	��

���
��

��

��

��� �

����

�

�

�


���� �

� �
�

�
�

�
�� �

��
�
��

�

�

����

 

��	�
�
�

�

�

�

�

�

���

	��

���
��

��

��

���

���

�

�

��

 
Fig. 5. Typical 6-phase 12-pulse bridge rectifier system. 
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Fig. 6. Steady state regulation characteristic for the 6-phase 12-pulse bridge 

converter with the neutral points disconnected. 
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TABLE II 

OPERATIONAL MODES OF THE 12-PULSE RECTIFIER 
Operational  

Modes 
Conduction  

Pattern 
1 4-2 
2 5-4-2-4 
3 5-4 
4 6-5-4-5 
5 6-5 
6 6 
7 7-6 

 
TABLE III 

OPERATIONAL MODES OF THE 12-PULSE RECTIFIER WITH IDEAL IPT 
Operational 

Modes 
Conduction 

Pattern 
1 4-2 
2 5-4-2-4 
3 5-4 

 
If the neutral points of the two sets of 3-phase voltage 

sources in Fig. 5 are connected, a new set of line-to-line 
voltages is established between the phases. This will allow the 
phase current waveforms to become asymmetric resulting in 
more complicated operational modes. The regulation 
characteristic for this case is shown in Fig. 7 with the modes 
of operation summarized in Table IV. 

 

�

���

���

���

���

�

�
�

�
����

���

��	� �� ���� ��

 �
�

�
����

��������

�

�
�
�
�

��� ��

�

�
�
�
�

�

�
�
�



�

�
�
�
�

�

�
�
�

�

�
�
�
�
��
�

�

�
�
�

�

�
�
�
�

�

�
�
�
�

�

�
�
�
�

 
Fig. 7. Steady state regulation characteristic for the 6-phase 12-pulse bridge 

converter with connected neutral points. 
 

TABLE IV 
OPERATIONAL MODES OF THE 12-PULSE RECTIFIER  

WITH CONNECTED NEUTRAL POINTS 
Operational  

Modes 
Conduction  

Pattern 
1 3-4-3-2 
2 5-4-3-2-3-4 
3 5-4-3-3-2-3-4 
4 5-4-3-4-3-3-2-3-4 
5 5-4-3-4-3-3-4 
6 5-4-3-4-3-4-3-4 

7 5-4-3-4-4-3-4 
8 5-4-3-4-4 
9 5-4-5-4-3-4 
10 5-4-5-4-4 
11 5-4 
12 6-5-4-5-4-5 
13 6-5-4-5 
14 6-5-5 
15 6-5-6-5 
16 6-6-5 
17 6 
18 7-6 

 

III.   DYNAMIC AVERAGE-VALUE MODELING 

To demonstrate the concept of dynamic average-value 
models, both 6- and 12-pulse converters are considered in this 
Section. Although analytically derived models and parametric 
models have their own benefits, disadvantages and challenges, 
both methodologies (if applied correctly) should lead to very 
similar results in predicting the averaged dynamic behavior of 
the detailed switching converter circuit. The two 
methodologies are briefly discussed and compared in this 
section. 

A.  Analytical Derivation 

Deriving the AVM for line-commutated converters 
requires averaging of state variables over a switching interval. 
This in turn requires knowledge of the operating mode and its 
boundary conditions for which the respective averages will be 
valid. Therefore, there will be an AVM for each operating 
mode that is in the range of interest. Such models can then be 
“switched” as the system changes the modes, which makes 
this approach additionally challenging. 

 In most literature sources, the AVM is typically derived 
for one operating mode only [5], [6], [11]. For the 3-phase 6-
pulse configuration of Fig. 1 the AVM is typically considered 
for Mode 1. The approach makes use of the so-called qd  

converter reference frame which facilitates the analysis. In 
this synchronous reference frame depicted in Fig. 8, the d-axis 
component of voltage is zero.  
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Fig. 8.  Relationship among the variables in the converter and the arbitrary 

reference frames. 
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As shown in Fig. 8, the relationship between the voltages in 

the converter and the arbitrary reference frames may be 
written as 

⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡

⎥
⎦

⎤
⎢
⎣

⎡

−
=

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

a
ds

a
qs

cc

cc
c
qs

v

vv

)cos()sin(

)sin()cos(

0 φφ
φφ

. (6) 

The angle between the respective components of the voltage 
in the converter and the arbitrary reference frame may be 
deduced from Fig. 8 as 

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
= −

a
qs

a
ds

c
v

v1tanφ . (7) 

The next step is to derive the equations describing the 
dynamics of the dc bus. The dc bus voltage equation is 
expressed and averaged during the switching interval. 
Considering the KVL on the dc side, the state equation for the 
dc bus current is then obtained as 

cdc

ddcecdc
dc

LL

eiLrE

dt

id

2

3
2

33

+

−⎟
⎠

⎞
⎜
⎝

⎛ +−
=

ω
ππ

. (8) 

To establish the average q- and d-axes components of the 
phase currents on the ac side, the dc current is typically 
assumed constant throughout the switching interval. The 
currents are then expressed during each subinterval (i.e., 
conduction and commutation) and averaged over the 
respective subintervals. The commutation and conduction 
components of the averaged ac currents are then obtained. 
The result of this procedure yields the following equations 
[5]: 

( ) ( )( ),2cos1
2

4

3
1cos

23

6

5
sin

6

5
sin

32
,

μ
ωπ

μ
ωπ

ππμ
π

−+−

+⎥
⎦

⎤
⎢
⎣

⎡
⎟
⎠

⎞
⎜
⎝

⎛+⎟
⎠

⎞
⎜
⎝

⎛ −=

ecec

dc
c

comqs

L

E

L

E

ii

 (9) 

( )( ),22sin
2

4

3
sin

23

6

5
cos

6

5
cos

32
,

μμ
ωπ

μ
ωπ

ππμ
π

+−

+⎥
⎦

⎤
⎢
⎣

⎡
⎟
⎠

⎞
⎜
⎝

⎛+⎟
⎠

⎞
⎜
⎝

⎛ −−=

ecec

dc
c

comds

L

E

L

E

ii

 (10) 

⎥
⎦

⎤
⎢
⎣

⎡
⎟
⎠

⎞
⎜
⎝

⎛ +−⎟
⎠

⎞
⎜
⎝

⎛=
6

5
sin

6
7

sin
32

,
πμπ

π dc
c

condqs ii , (11) 

⎥
⎦

⎤
⎢
⎣

⎡
⎟
⎠

⎞
⎜
⎝

⎛ ++⎟
⎠

⎞
⎜
⎝

⎛−=
6

5
cos

6
7

cos
32

,
πμπ

π dc
c

condds ii . (12) 

The final currents are obtained by adding the contributions 
from both commutation and conduction subintervals as 

c
condqs

c
comqs

c
qs iii ,, += , (13) 

c
condds

c
comds

c
ds iii ,, += . (14) 

A similar model has been derived in [11] where the 
dynamics are reported to be improved. There, instead of 
assuming a constant value for the dc current throughout the 

switching interval, it has been assumed that the current 
changes linearly. In particular, using the first order Taylor 
series expansion, the dc current is written as [11] 

( ) ⎟
⎠

⎞
⎜
⎝

⎛ −⋅+=
20
μθθ kii dcdc , (15) 

where 0dci  is the average value of dci  during the 

commutation period and k  is the derivative of td
di

e
dc

ω  

during this period of time. The remaining steps taken to derive 
the AVM are similar to those discussed above, and the 
resulting model is expressed as follows: 

⎟
⎠

⎞
⎜
⎝

⎛ −+⎟
⎠

⎞
⎜
⎝

⎛ −+

−⎟
⎠

⎞
⎜
⎝

⎛ +−
=

μπ
ωπ

μ

ω
ππ

322

3
2

3
2

33
0

dc
cdc

ddcecdc
dc

r
LL

eiLrE

dt

id
, (16) 

( )
,

4
3

4
2cos

cos
23

3
sin

3
cos

32
0

⎟
⎠

⎞
⎜
⎝

⎛ −−−

⎟
⎠

⎞
⎜
⎝

⎛ −+=

μμ
ωπ

πμ
π

μ
π

ce

dc
c
qs

L

E

kii

 (17) 

( )
.

4

2sin

2
sin

23

3
3

cos1
3

sin
32

0

⎟
⎠

⎞
⎜
⎝

⎛ ++−+

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
−+−=

μμμ
ωπ

πμ
π

μ
π

ce

dc
c
ds

L

E

kii

 (18) 

Finally, the first model is defined by (8)–(14) and is 
referred to as AVM#1, and the second model is defined by 
(16)–(18) and is referred to as AVM#2. Both analytically-
derived AVMs utilize the same commutation angle given by: 

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
−= −

0
1

3

2
1cos dc

ec i
E

L ωμ . (19) 

Although an improvement has been reported in the dynamics 
of the AVM#2, the new model is still valid for Mode 1 only as 
it has been obtained considering two subintervals. 

B.  Parametric Method 

Herein, instead of deriving analytical equations for the 
system, the AVM parametric functions are obtained 
numerically based on detailed time-domain simulation. 
Similar to the previous method, the three phase voltages are 
taken to the converter reference frame, using appropriate 
transformation (6). Since the rectifier switching cell does not 
contain energy-storing elements, its average-value model may 
be considered as an algebraic block which relates the 
averaged dc-link variables on one side and the averaged ac 
variables transferred to the converter reference frame at the 
other side. The averaged rectifier dc voltage dcv  and current 

dci   are related to c
qdsv  and c

qdsi  through the respective 

parametric function as 

dc
c
qds v)(⋅= αv , (20) 
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)(⋅= βc
qdsdci i , (21) 

where (.)α  and (.)β  are algebraic functions of the loading 
conditions. Also from Fig. 8, the angle between the vectors 

c
qdsv  and c

qdsi  may be expressed as 

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
−

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
=⋅ −−

a
qs

a
ds

a
qs

a
ds

v

v

i

i 11 tantan)(φ . (22) 

Deriving closed-form analytical expressions for (.)α , 

(.)β , and (.)φ  is impractical. Instead, these functions may be 

extracted using the simulation results. It is convenient to 
express these functions in terms of dynamic impedance of the 
converter switching cell as 

c
qds

dcv
z

i
= . (23) 

Using (20)–(22), functions (.)α , (.)β , and (.)φ  are 

extracted for a wide range of operating points. A transient 
study may be carried out in which the load resistance is slowly 
changed in a wide range. The numerical functions )(zα , 

)(zβ , and )(zφ  together with the impedance z , are then 

calculated for each point using (20)–(23). These functions are 
stored in a look-up table and used in the average-value model 
implementation. 

IV.  COMPUTER STUDIES 

In order to investigate the behavior of the AVMs discussed 
in the previous Section, these models together with the 
detailed switch-level models have been implemented in the 
MATLAB/Simulink and the PSCAD/EMTDC as these 
simulation packages are commonly considered for detailed 
modeling of power systems with power electronic converters 
[15]. The results obtained by both simulation packages were 
virtually identical with some adjustments in time step to 
achieve similar accuracy. As an example, Fig. 9 shows the 
parametric average-value model implemented in the 
PSCAD/EMTDC environment. As seen in this figure, the 
voltage source is modeled in the converter reference frame 
(top block) with the qd  currents as outputs and qd  voltages 

as inputs. The inputs to the rectifier AVM are the qd  

currents, at the ac side, and the dc bus voltage, whereas the 
outputs are the qd  voltages and the dc bus current. 

A.  Six-Pulse Converter 

Here, the 3-phase rectifier system is assumed to operate 
initially in a steady state condition with a Ω10  load resistor. 

Then, at st 5.0= , the load resistance is stepped to Ω1 . The 

corresponding transient responses predicted by detailed and 
average-value models are shown in Fig. 10. During the 
transient, the converter operation remains within Mode 1. As 
can be seen in Fig. 10, since the operational mode is not 
changed, the average-value models can predict the response of 
the system with reasonable accuracy, i.e., the AVMs 

responses go through the ripple of the waveforms predicted 
the detailed model. 

Next, the load resistance is stepped from Ω1  to Ω1.0 , 

which results in a change of the operational mode from Mode 
1 to Mode 2. The corresponding transient responses predicted 
by detailed and average-value models are shown in Fig. 11. As 
expected, the responses predicted by the analytically-derived 
AVMs all fail to correctly predict the transition to Mode 2 as 
these models have been derived with the assumption of 
conduction-commutation pattern of Mode 1. However, the 
parametric AVM remains valid and predicts the response 
close to that of the detailed switching model. 

 

 
Fig. 9.  Parametric average-value model implemented in the PSCAD/EMTDC. 

B.  Twelve-Pulse Converter 

Simulation studies of the twelve-pulse rectifier have been 
conducted using the detailed model and the parametric AVM 
only since the analytically-derived models do not capture the 
inter-mode transitions. A similar study has been carried out in 
which the load resistance is stepped from Ω1  to Ω1.0  at 

st 5.0= . The corresponding responses, for the case of 

connected neutral points, are superimposed in Fig. 12. In this 
case, the operational mode is changing from Mode 13 (i.e., 6-
5-4-5 conduction pattern) to Mode 17 (6-valve conduction 
pattern), and as Fig. 12 shows the AVM predicts the transient 
response very accurately. 

V.  SUMMARY AND CONCLUSIONS 

To evaluate the effectiveness of the AVMs relative to the 
switching models, one can compare the time-step size and the 
total number of time steps that were required by each of the 
models to complete the entire transient response. For the 
purpose of comparison in this Section, transient study 
duration of 1 sec was assumed. For example, in case of 6-
pulse rectifier the time steps taken by each of the models 
implemented in Simulink are summarized in Table V. All 
Simulink models were executed using variable time-step 
solver that can automatically adjust the step size during the 
transient. As can be seen in Table V, the switching model 
required the largest number of time steps (22,659), which was 
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Fig. 10.  Six-pulse converter transient response within Mode 1 as predicted by 

detailed and averaged models. 

 
needed in order to accurately handle all the switching events 
(discontinuities). The AVMs could utilize a much larger time 
step since these models are continuous, taking much fewer 
steps (281, 271, and 309, respectively). 

The studies with 12-pulse rectifier were carried out using 
both PSCAD and Simulink. The summary of the time steps is 
given in Table VI. For the considered time interval/study of 1 
sec, the detailed model again took the largest number of steps 
(20,001 and 15,366). There is some difference between the 
PSCAD and Simulink detailed models, which is attributed to 
the fact that PSCAD uses fixed time-step to solve the entire 
transient, whereas Simulink can vary the time-step to 
accommodate the switching and other transients. 
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Fig. 11.  Six-pulse converter transient response from Mode 1 to Mode 2 as 

predicted by detailed and averaged models. 

 
The detailed-PSCAD model was run with a typical EMTP 
time-step of 50 micro-second required to properly handle the 
switching of diodes. However, the AVM-PSCAD and AVM-
Simulink could use appreciable larger time steps, which 
altogether demonstrates the benefits of the AVM approach 
where each model took significantly fewer time steps (5586 
and 194). The AVM-PSCAD could not run at very large time 
steps because the time-step was still limited by the relatively 
fast transient observed during the rapid change in the load. 

As shown in this paper, such dynamic average models can 
be very effective for simulations of systems transients where 
the switching harmonics injected into the ac grid or the dc link 
are neglected. Including the effect of switching harmonics 
would require a special consideration and may be pursued in 
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combination with other approaches e.g. multiple reference 
frames, harmonic-domain modeling, etc. 
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Fig. 12.  Twelve-pulse converter transient response from mode 13 to mode 17 as 

predicted by detailed and averaged models. 
 

TABLE V 
COMPARISON OF SIMULATIONS FOR THE 6-PULSE RECTIFIER 

Model Time Steps 
Detailed Model 22,659 

AVM #1 281 
AVM #2 271 

Parametric AVM 309 
 

TABLE VI 
COMPARISON OF SIMULATIONS FOR THE 12-PULSE RECTIFIER 

Model Time Steps 
Detailed - PSCAD 20,001 
Detailed - Simulink 15,366 

AVM - PSCAD 5586 
AVM - Simulink 194 

 

VI.  APPENDIX 

Parameters for the rectifier circuits used in this paper: 

VE 2.132 = , 1002πω =e , mH37.0=cL , mF1=C . 
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