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Analysis of converter-permanent magnet synchronous 
machine set by improved average-value modeling 
 
 A.Vahedi and M.Ramezani 
 

Abstract: Dc excitation of the field winding in a synchronous machine can be provided by 
permanent magnets. Permanent magnet synchronous machine (PMSM) can offer simpler 
construction, lower weight and size for the same performance, with reduced losses and higher 
efficiency. Thanks to the mentioned advantages these motors are widely used in different 
application, therefore analysis and modeling of them, is very important. In this paper a new, fast 
and simple method is presented to study performance of a PMSM connected to the converter. 
For this purpose, average-value modeling and related analytical relations which leads to the 
desired characteristics such as electromagnetic torque, dc current and dc voltage is presented 
and applied to PMSM & converter system. The advantage of this model lie in reduction of 
computation time compares to the other dynamic models while keeping accuracy quite 
acceptable. This model is applicable for studying the steady-state performance of systems as 
well as dynamic performance.  
 
Keywords: average-value modeling, permanent magnet synchronous machine (PMSM), 
converter, commutation 

 

1   Introduction 

  Permanent magnet synchronous motors are widely1 
used in high performance motion control system because 
of their desirable features as compared to other motors. 
In these motors field coils are replaced by permanent 
magnet, thus it eliminates losses due to field windings. 
Also frequent maintenance associated with slip rings & 
brushes is eliminated. PMSM can offer significant higher 
advantages and efficiency over other types of motors 
when employed in adjustable speed drives [1]. These 
motors have high torque to weight ratio, higher 
efficiency, good power factor, faster response etc. 
Because of these benefits and the improvements in the 
properties of permanent magnet materials in recent years, 
there is wide attention for application of PMSM in 
industry [2]. Because of wide variety use of theses 
machines in applications such as submarines, aircrafts, 
variable speed drives and excitation systems of 
generators, their modeling and parameter identification, 
considering the converter connected to them is become 
interesting for electrical engineering research community 
[3,4]. The classic model of this system is consisting of 3-
phase balanced voltage sources connected to the constant 
series reactance. Although this model provides the static 
voltage & current waveforms in short computation time, 
but the results have not the adequate accuracy [5]. 
      Another modeling approach is the dynamic model 
(detailed model) that is based on park's model. Although 
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this model can offer advantages such as accuracy and 
ability to construct instantaneous waveform, but the 
consumed time for calculations is very long [6,7,8].  Rotor 
& stator's large time constants in addition to calculation’s 
iteration in each time sequence of switching have a 
significant effect on this problem. Considering mentioned 
problems, the average-value modeling is presented to 
improve the defects of the previous models, i.e. keeping the 
same accuracy, the computation time is reduced. Next we 
introduce  average value model for an excited synchronous 
machine, and then extend this model for PMSM.  
 
2  Average-value modeling of excited SM 
      Consider an excited SM and converter set as shown in 
Fig.1. In This scheme SM is modeled by non-idealized 
voltage supplies accompanied by a variable commutation 
reactance [9]. 

 
Fig.1.Representation of synchronous machine & converter 
system 
      According to Fig.1, to calculate dc voltage in a 
switching time zone, for instance in third time zone that 
starts from beginning of conductance of thyristor No.3 to 
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the beginning conductance of thyristor No.4, it can be 
written: 
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where angle rθ  is rotor mechanical position and bsv , 

asv  are   voltages of phase b and c respectively. 

Substituting voltages by bsbs pv λ=  and cscs pv λ= , 
equation (1) can be rewritten as: 
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where csλ , bsλ  are phase b & c winding’s flux 
respectively and β  is firing angle defined in terms of 
rotor mechanical position. Applying boundary 
conditions, 3-phase currents are defined as follows: 
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     Using analytical equations for mentioned zone and 
extending it for the other zone, system variables in every 
desired instant can be accessible. Hence, converter output 
average voltage can be obtained as: 
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      It can be seen that commutation reactance in this 
model, have not constant value and it’s value changes 
regarding firing angels as shown in Fig.2.  
 
     To calculate average values of q and d-axis’ currents 
as well as synchronous machine’s electromagnetic 
torque, current should be already calculated. Note that 
commutation zone is the period in which two phases are 
short circuit, for instance, in the third switching zone, we 
have: 
 0=−=− bsasbsas ppvv ψψ         (6)   

where      λωψ r= . 

 
Fig.2.Commutaion reactance variations versus β  

 
      Using boundary conditions in this zone according to (5) 
and (6); asψ  , bsψ are determined in terms of dci , asi . 

Now applying Kbsas =−ψψ  to the equation (6), the 
commutation current in third switching zone is derived as 
follows:  
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now according to the average values of currents in the third 
switching zone that are defined as follows: 
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    Average values of  qi , di can be obtained from following 
relations :  
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condqscomqsqs iii .. +=                        (15) 

conddscomdsds iii .. +=                        (16) 
     Hence electromagnetic torque can be given by: 

( )dsqsqsdsre iiT λλω −=                                   (17) 
     Accordingly linkage & leakage fluxes are accessible 
from above relations. Regarding symmetrical switching 
of 3-phase synchronous machine, the resultant average-
values can be considered for all other zones. Parameters 
of a line-commutated synchronous machine system are 
given in table (1). This system has a 2.15 pu excitation 
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xve  and its frequency & load current are 

1 pu & 0.9 pu, respectively.  
 

Table .1  Synchronous machine parameters (in per unit) 

Rs=0.00515 Xls=0.0800 

Xmd=1.77 Xmq=1.00 

Rkd=0.024 Xlkd=0.334 

Rkq=0.0613 Xlfd=0.33 

Rfd=0.00111 Xlkq=0.137 

 
     The output average voltage of system, 
electromagnetic torque and linkage flux obtained by 
detailed model, classic average value model and the 
improved model are shown in Fig 3. 
 
     Comparing the output results of improved model to 
the output results of detailed model, show the high 
accuracy of this model. Although the results of improved 
and detailed model are quiet the same, but the 
computation in improved model is very faster than the 
detailed one. So the detailed model[10,11,12] can be 
easily replaced by the improved average value model. 
 
 
 

 
Fig.3. Average values of system variable calculated by  classic, 
detailed & the improved model 

 
      Consider a switching zone including commutation and 
conductance time period, to reconstruct the systems 
instantaneous waveforms. Having obtained analytical 
results for this zone, complete waveform is accessible by 
generalizing the relationships for the other zones. First, 
rotor position is defined as bellows: 
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     Using relation (18) the current asi  in the commutation 
period of third switching zone, can be given as: 

( ) ( ) ( )[ ]
( ) ( ) ( )

( ) ( )

( ) ( ) ( )βθ

πβθ

βθ

βθψβθψ
θ

2~2cos

2
1

3
22~2cos

2~2cos

~cos~sin3~

+′′−′′−′′+′′




















′′+′′+






−+′′′′−′′

−
+′′−′′−′′+′′

+′′−+′′+
=

rdqdq

dcdqrdq

rdqdq

rdrq
ras

XXXX

IXXXX

XXXX

K
i

 

                                             (19) 



      Iranian Journal of Electrical & Electronic Engineering, Vol. 2, August 2005. 
 
84 

      Note that each switching zone begin from 0~
=rθ  

and end to 
3

~ πθ =r . Three-phase currents in the third 

switching zone including commutation and conductance 
periods are obtained as follows: 
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where “~” indicates the variables belongs to the third 
switching zone. Now by  using relation (22): 
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instantaneous currents of q and d-axis are accessible. The 
currents of all the switching zones can be calculated by 
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     Now using Synchronous machine’s q and d-axis 
voltage equations that are given below and (20), (21), the 
instantaneous voltage waveforms are obtained as follows: 
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      Phase voltages of synchronous machine are given by: 
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     As converter output voltage in the considered zone is 

csbsdc vvv −=  , the instantaneous waveform using q- 
and d-axis voltages in the mentioned zone and (26), can 
be given as follows : 
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     Note that the provided waveforms can be extended for 
the other zones.  
 

 
Fig.4. Waveforms reconstruction in steady-state by detailed 
model 
 
     Having instantaneous q- & d-axis currents, 
electromagnetic torque is constructed by: 

r
qs

r
qs

r
ds

r
dse iiT λλ −= . As an example, we considered the 

line –commutated synchronous machine with the 
parameters that are presented in table (1). 
     In this system, dc current, excitation field 
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3
 & rotor speed are 0.7, 1 & 1 per unit 

respectively. Also Sub transient reactances of q- and d-axis 
are 0.328 and 0.172 per unit, respectively. 
 
      Instantaneous waveforms, converter output voltage, 
phase current, electromagnetic torque and phase voltage of 
synchronous machine computed by average-value & 
detailed model are shown in Fig (4)and (5). It can be seen 
that the results are quiet the same, while the computation 
time is considerably reduced. 
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Fig.5. Waveforms reconstruction in steady-state by average 
value model 

 
3 Instantanous-waveform reconstruction of line-
commutated permanent magnet machine  
 
      The offered model can be extended for line-
commutated permanent magnet synchronous machines. 
The approach to model line-commutated permanent 
magnet synchronous machines is similar to the 
conventional synchronous machine with electrical 
excitation, the only difference between them lie in the 
analytical equations [8] related to the equivalent circuit. 
The equivalent circuit of PMSM is like as conventional 
synchronous machine with different circuit excitation, as 
shown in Fig (6). In this figure two axis equivalent 
circuit of a PMSM is shown. A damper winding on each 
axis is considered. 
     Sub transient reactances of q & d axis, according to 
the two axis equivalent circuit of  PMSM shown in Fig 6, 
is given by: 
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and the sub transient fluxes are given by: 
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Fig.6.Two-axis equivalent circuit of  permanent magnet 
synchronous machines 
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      Consider line-commutated permanent magnet 
synchronous machine with presented parameters in table.2. 
 

Table .2 PMSM parameters 
Rs=0.044 Ω Lls=1.808 mH 

Lmd=40 mH Lmq=22.6 mH 

Rkd=0.36 Ω Llkd=7.5 mH 

Rkq=0.52 Ω Llkq=7.64 mH 

 
      To determine system variables’ instantaneous 
waveforms by the detailed and average-value model, 
consider dc current  & excitation field, 0.25 and 1.15 per 
unit respectively. Also rotor speed is considered 377 rad/s 
and q- & d-axis sub transient reactances, 0.323 and 0.336 
per unit respectively. 
      Instantaneous waveforms, converter output voltage, 
phase current, electromagnetic torque & phase voltage that 
are computed by the 2 mentioned models are shown in Fig 
7 and Fig.8. It can be seen that the results of the offered 
model is quiet similar to the detailed one, while reducing 
considerably computation time. 
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Fig.7.Reconstructed waveforms in steady-state condition 
using average value model 
 
4  Conclusion 
     In this paper firstly improved average value model is 
presented. This model provides average value that is 
usually required in control application. As permanent 
magnet synchronous machines are widely used especially 
in control application, we applied the improved average 
value model for the PMSM. Results are nearly close to 
the calculated values by detailed model. As in some 
condition, instantaneous waveform and related model is 
required, such as harmonic investigation, the PMSM 
model is developed to reconstruct instantaneous 
waveform. Comparing reconstructed values using 
improved model to the detailed model results’ show the 
quite acceptable accuracy of the method, while reducing 
considerably time calculation. 
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