
 

Abstract -- The paper proposes a method for the 
energetic characterization of IPM machines, used in road 
vehicles. By means of an accurate magnetic model, the 
method takes into account the magnetic properties of an 
IPM machine (i.e., high saturation and cross coupling), 
and the dependence on the battery voltage. Moreover, 
thanks to a statistical approach, a fast way to account for 
the influence of battery state of charge is considered. 
 

Index Terms—IPM machines, energy efficiency, battery state 
of charge.  

I.   INTRODUCTION 

good energetic characterization of electric motors 
used for road vehicles is a very important goal. In the 
literature, many efforts were devoted to average 

efficiency over drive cycle (AEDC) [1]. Usually, the 
methods are based on FEA [1]-[6], sometimes mixed with 
some type of optimization (e.g.: differential evolution 
algorithm [2] ). Often, a driving cycle equivalent points 
method is adopted, where the energy distribution of the 
traction machine over the driving cycle is represented by few 
equivalent points [3], [4]. Usually, the efficiency map in the 
wide torque-speed range is obtained by using flux-linkage 
and loss models [5], [6]. Interior permanent magnet 
synchronous machine (IPMSM) has been widely used in 
traction applications, thanks to its high efficiency, high 
power density, high constant power range [7]-[9]. For IPM 
machines, the energetic characterization is more difficult, 
since magnetic saturation and cross coupling are higher than 
in other machines; therefore, an accurate magnetic model is 
needed, able to account for these magnetic effects. Moreover, 
a small usage of FEA would be appealing, since when the 
FEM approach is adopted to evaluate the efficiency maps, 
high computational times are required. 

Another important issue is the influence of battery state of 
charge on the current and the losses. As known, motors are 
usually operated in Maximum Torque Per Ampere condition 
(MTPA), as far as the inverter voltage can increase with the 
speed and within the insulation dielectric limits; once the 
limiting speed (base speed) is reached, field weakening (FW) 
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is applied. If the DC bus is supplied by a battery, the DC 
voltage may decrease as the battery discharges, and also the 
base speed decreases. As a consequence, an operating point 
which was in MTPA region may move in FW region; 
magnetic flux decreases, a higher current is required for a 
given torque, and higher winding losses occur. The matter 
could be solved by introducing a DC-DC converter between 
the battery and the inverter [10]-[12]: the DC-DC stage can 
keep the DC bus voltage constant. But such a solution adds 
components, thus increases costs, losses and required room, 
and decreases the reliability of the system. [13] presents a 
control method which takes into account the battery voltage 
variation, but system efficiency is not evaluated. Thus, a 
method to evaluate system efficiency, taking into account the 
battery voltage variation, would be useful. 

Here, a method is proposed to evaluate in a fast way the 
energy lost in the winding, taking into account the battery 
state of charge. The method is based on two elements: 
- an accurate magnetic model [14], which allows to take into 

accounts some peculiarities of IPM machines, that is the 
high level of saturation and cross coupling effects; the 
same model also allows to take into account the 
dependence on the battery voltage; 

- a statistical approach, which allows to consider in a fast 
way the influence of battery state of charge. 
The method is applied to an example of drive cycle, of an 
IPM used for a road vehicle. 
The paper develops as follows: Sec. I describes the 

considered IPM machine; Sec. II presents the machine 
model, and shows how expressing the current as a function 
of torque, speed, battery voltage; Sec. III describes the 
statistical approach adopted to quickly evaluate winding lost 
energy, taking into account battery voltage. 

II.   THE MOTOR CONSIDERED IN THE ANALYSIS 

The analisys is applied to an 8-pole IPM machine, with V-
shaped PMs. Considering current limits of the feeding 
inverters, the machine is supposed equipped with two three-
phase windings: each of them is distributed along half the 
stator periphery, and the two feeding current terns are in 
phase. Fig. 1 shows a cross section of one pole motor 
portion. Table I reports the main data of the machine;  torque 
and power data refer to the whole machine; rated voltage and 
current of each winding refer to the operation in MTPA at 
base speed and rated torque. 

In the following analysis, some calculation results will be 
shown for three values of torque (Tn, 2/3Tn, Tn/3) and of 
battery voltage (VbMAX, Vbmin, Vbmean = 0.5(VbMAX + Vbmin) ). 
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TABLE I 
MAIN DATA OF THE CONSIDERED IPM MACHINE 

Rated line-line voltage Vn [Vrms] 190 
Rated current In [Arms]; rated power Pn [kW] 376; 180 
Rated torque Tn [Nm]; base speed Nn [rpm] 324; 5300 
Pole pair number n; PM type 4; SmCo 
Phase resistance Rph [m]; rotor inertia [kgm2] 16.82; 0.035 
Maximum VbMAX and minimum Vbmin battery voltage [V] 700; 500 

 

 
Fig. 1. One-pole cross section of the studied IPM machine. 
 

III.   HOW EXPRESSING THE CURRENT AS A FUNCTION OF 

TORQUE, SPEED, BATTERY VOLTAGE  

A.   Machine model 

Let us definesdq = sd + j sq = sdq exp(j ) the stator 
flux linkage space vector; isdq = isd + j isq = Isdq exp(j I) the 
stator current space vector; bothsdq andisdq are defined in 
dq reference frame, assuming d as the real axis; often, instead 
of the angle I , the angle   = I   90deg is used. 

In [14] an IPM model is described, which allows to take 
into account saturation and cross coupling effects accurately. 
The model is based on flux-current links, in particular on two 
FEM identified functions  sd(Isdq , I ) and  sq(Isdq , I); 
thensdq becomes a function of Isdq and I 

sdq = sd(Isdq , I ) + j sq(Isdq , I ) = sdq_I (Isdq , I )    (1) 

The stator voltage space vectorvsdq  is obtained by the 
voltage law 

vsdq = Rph  Isdq exp( j I ) + j (N)sdq(Isdq , I ) = 
= vsdq_I (Isdq , I , N)      (2) 

where  (N) = 2  n N/60, N is the speed in [rpm], n is the 
pole pair number, Rph is the phase resistance (Tab I). 

The electromagnetic torque Te expression is the classical 
one, where the factor 2 accounts for the 2 terns, i.e.   

Te =  2n Im[sdq_I(Isdq , I ) Isdq exp( j I ) ]= 
= Te(Isdq ,I )        (3) 

where Im() is the Imaginary part. By substituting I =  + 
90deg,  Te is expressed as a function of Isdq and : 

Te(Isdq , )  =  2n Im[ sdq_I (Isdq ,  + 90deg )   
 Isdq exp(  j ( + 90deg) ) ]    (4) 

B.   Expressing voltage in MTPA operation as a function 
of torque and speed 

The current angle MTPA, which gives the MTPA 
condition, can be obtained by performing a numerical 
derivative of (4) with respect to , and by zeroing such 
derivative. As a result, a function MTPA_I (Isdq) is gained, 
which gives MPTA as a function of Isdq  

( , ) ( , ) ( , )    


 
sdq sdq sdqTe I Te I Te I
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  
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sdq
MTPA I sdq

Te I
I zeroing   .  (6) 

By substituting (6) in (4), a function TMTPA(Isdq) is 
obtained, which expresses the torque in MTPA operation as a 
function of Isdq 

TMTPA(Isdq) = Te(Isdq , MTPA_I (Isdq)  )  .   (7) 

By solving numerically the equation TMTPA(Isdq) = T  with 
respect to Isdq , a function IMTPA(T) is obtained, which gives 
the current (amplitude of current space vector) in MTPA 
operation, as a function of the desired torque T  

IMTPA(T) = solve [ Isdq,  TMTPA(Isdq) = T ]   (8) 

By inserting (8) in (6), a function  MTPA(T) is obtained, 
which gives the angle  in MTPA operation, as a function of 
the desired torque T  

MTPA(T) = MTPA_I (IMTPA(T) )  .   (9)  

Finally, by inserting (8) and (9) in (2), a function  
VMTPA(T, N) follows, which gives the voltage in MTPA 
operation (amplitude of voltage space vector), as a function 
of the desired torque and speed 

VMTPA(T,N) = |vsdq_I(IMTPA(T), MTPA(T) + 90deg , N) | . (10) 

C.   Definition of boundary speed for MTPA operation 

A sinusoidal PWM is considered, for a three phase drive. 
As known, at the limit of the PWM linear region, the relation 
between the amplitude of the fundamental inverter phase 
voltage Vi1peak and the DC bus voltage VDC is Vi1peak =  VDC/2. 
If a voltage margin V is assumed, the relation is modified in  
Vi1peak = (VDC  V )/2. The boundary speed for MTPA 
operation occurs when the voltage in MTPA operation (10), 
scaled to peak phase voltage, equals the limit value of PWM 
linear operation, that is VMTPA(T,N)2/3 = ( VDC  V )/2. 
Solving such equation with respect to N (by means of a 
numerical solving function), a function Nlim(T,VDC) follows, 
which gives the maximum speed for MTPA operation, as a 
function of the desired torque and the battery voltage: 

Nlim(T,VDC) = solve[N, VMTPA(T,N)2/3 = (VDC  V )/2] 
    (11) 



 

Fig. 2 shows three examples of the function VMTPA(T, N) 
2/3, for three values of torque, together with 3 values of 
the limit voltage Vi1peak = (VDC  V)/2  (V is assumed equal 
to 50V). It is apparent that the boundary speed decreases as 
the battery voltage decreases. 
Fig 3 shows three examples of the function (11), for three 
values of battery voltage. 

 
Fig. 2. Three examples of the function VMTPA(T, N)2/3, for three values of 
torque, together with three values of the limit voltage Vi1peak = ( VDC  V )/2  
(V is assumed equal to 50V). 

 
Fig 3. Three examples of the function (11), for three values of Vb voltage. 

D.   Expressing the current as a function of torque, speed 
and battery voltage 

By numerically solving the equation Te(Isdq ,  ) = T  with 
respect to Isdq, a function I(T,) is obtained, which gives the 
current Isdq (amplitude of current space vector) as a function 
of the desired torque T and angle  

I(T, ) = solve [ Isdq,  Te(Isdq ,  ) = T ]   (12) 

By inserting (12) in (2),vsdq is expressed as a function of 
torque T, angle , speed N 

vsdq = vsdq_T (T ,  , N)  = vsdq_I(I(T,) ,  + 90deg , N) (13) 

As explained, the equation |vsdq |2/3 = (VDC  V )/2  
identifies the maximum value of the inverter voltage for the 
operation in the PWM linear zone. Ifvsdq is expressed by 
(13), and the former equation is solved with respect to the 
angle , a function Vlim (T, N, VDC) is obtained, which gives 
the boundary value of angle  for the operation in the PWM 
linear zone: 

Vlim (T, N, VDC) = solve [ , | vsdq_T (T ,  , N)| 2/3 = 
= (VDC  V )/2 ]  .  (14) 

We assume that out of MTPA operation, the angle  
equals Vlim ; in other words, we assume that out of MTPA 
zone, the current is given by a function IVlim (T, N, VDC) 
obtained by inserting (14) in (12) 

I Vlim (T, N, VDC ) =  I (T,  Vlim (T, N, VDC ) ) .  (15) 

The boundary for MTPA operation is given by Nlim of 
(11). Thus, the relation which expresses the current as a 
function of torque, speed and battery voltage can be given by 
an if statement which selects between (8) and (15) 

I(T,N,VDC) = if(N<Nlim(N,VDC), IMTPA(T), IVlim(T,N,VDC))  (16) 

Fig. 4  shows three examples of the function (16) for 
three values of VDC and for three values of torque.  
The y-axis scale is expressed in p.u. values, referred to 
IMTPA(Tn), that therefore becomes 1. 

 

 
Fig. 4.  Three examples of function (16) for three values of VDC, with T 

= Tn (top), and for three values of torque, with Vb = VbMAX (bottom). The y-
axis scale is in p.u. values, referred to IMTPA(Tn), that therefore becomes 1. 

IV.   STATISTICAL APPROACH TO QUICKLY EVALUATE 

WINDING LOST ENERGY, CONSIDERING BATTERY VOLTAGE 

The function (16) allows evaluating the winding Joule 
losses PJ at any instant, as a function of torque, speed and 
battery state of charge: 

PJ (T, N, VDC) = 2Rph  I(T, N, VDC)2  .  (17) 

The factor 2 is due to the two three phase windings, while 
the factor 3 is absent, since in (16) the current is the 
amplitude of the current space vector (Park transform has 
been performed according to the constant power formulation 
rather than the constant current one). Fig. 5 shows an 
example of drive cycle, with torque and speed waveforms, 
and the related power. Since the cycle duration tc is usually 
little (in the example of Fig. 5 it equals tc = 100 s), we can 
assume that the battery voltage is constant during each cycle; 
with this assumption, Fig. 6 shows currents and Joule losses 
during the cycle, for three values of VDC. As previously cited, 
during the battery discharge, the boundary speed for MTPA 
operation decreases, thus higher currents and higher winding 
losses occur for the same speed value. 
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Fig. 5. Example of drive cycle, with torque, speed and power waveforms; 
the pu quantities are referred to the rated values in Tab. I 
 

Let us consider the reference drive cycle (e.g., the one in 
Fig. 5) and let us assume that the total working time interval 
is made by the repetition of Nc cycles; the reference cycle 
lasts t1c , the total working interval lasts Nct1c . In all the 
cycles, the waveforms T(t) and N(t) are considered always 
the same, whereas the battery voltage VDC changes, due to 
the battery discharge. 

The winding lost energy LJ during the total working 
interval is given by the integral over tc = Nct1c of the 
Joule loss (17) 

1

0
( ( ), ( ), ( ))cNc t

J J DCL P T t N t V t dt


     . (18) 

The whole interval can be split in the single cycles, thus 
LJ is the summation of the energy lost of each cycle LJk: 

1

1

( 1)

1 1

( ( ), ( ), ( ))c

c

Nc Nc k t
J Jk J DCk t

k k

L L P T t N t V t dt
 


 

      . (19) 

Now, let us assume that the battery voltage remains 
almost constant during each k-th cycle. Remembering that 
the waveforms T(t) and N(t) are always the same, in the 
integral (19) and for each cycle k, VDCk is a constant value.  

Therefore, we can introduce a function LJ1c(VDC) which 
gives the winding lost energy during one drive cycle as a 
function of just the battery voltage VDC : 
 

 

 

 

Fig. 6. Currents (top) and Joule losses (bottom) for Fig. 5, for three VDC 
values. The current reference value is IMTPA(Tn), that therefore becomes 1. 
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The function LJ1c(VDC) can be gained quickly, by 
evaluating the integral in (20) for a few values VDC , and 
interpolating these points by a spline; Fig. 7 shows an 
example of such calculations, with the data of Fig. 6.  By 
means of the function LJ1c(VDC) , LJ can be expressed as 

11
( )

Nc
J J c DC kk

L L V       .      (21) 

Now, let us consider NVDC voltage values VDCi (i = 1.. 
NVDC ) between the maximum VDCMAX and minimum VDCmin of 
the battery voltage VDC ; each value equals   VDCi =  VDCmin  + 
i(VDCMAX  VDCmin)/NVDC. Moreover, let us assume that the 
values VDCk in (21) are chosen among the values VDCi . Along 
the whole working interval (Nc cycles), each value VDCi 
occurs Ni times; thus, LJ can also be expressed as 

11
( )VDCN

J J c DC i i i
L L V N        (22) 

Since the function LJ1c(VDC) is known, once the values Ni 
are known for any VDCi value, LJ evaluation is immediate. 

This is a very quick way to estimate winding lost energy, 
taking into account the battery voltage change. 

As an example, for the considered motor, Tab II gives the 
voltage values VDCi and the corresponding Ni occurrences. 
With the LJ1c(VDC) function of Fig. 7 and the Ni values of 
Tab. II, we get LJ = 27 MJ (for Nc = 100 cycles).  

TABLE II 
 VOLTAGE VALUES VDCi [V] AND CORRESPONDING Ni   OCCURRENCES 

VDCi 500 510 520 530 540 550 560 570 580 590 600

Ni 0 0 1 2 3 3 4 4 5 6 9

VDCi 600 610 620 630 640 650 660 670 680 690 700

Ni 9 11 13 11 9 8 6 4 1 0 0

 
Eq. (22) can be interpreted in another way: in fact,  Ni = 

Nc,  thus the ratio Ni/Nc is the frequency fi  of the value VDCi . 
Let us define a function f(VDCi) which gives fi for any VDCi . 
LJ can be expressed as: 

11.
( ) ( )VDCN

J J c DC i DC ii
L Nc L V f V    .   (23) 

If NVDC tends to infinite, and we move from a summation 
to an integral, the function f(VDCi ) can be interpreted as the 
Weibull distribution fW(VDC) of the battery voltage, and LJ 
can be expressed as 

min
1 ( ) ( )DCMAX

DC

V
J J c DC W DC DCV

L Nc L V f V dV      .  (24) 

V.   CONCLUSION 

The paper presents a method to evaluate the energy lost 
in the winding of an IPM motor, used for a road vehicle. 
Two are the peculiarities of the method: the quickness and 
the ability to take into account the variation of the battery 
voltage during the working interval. The method can be used 
for the assessment of the efficiency of the traction motor 
along the whole working interval. 

 
Fig. 7. Winding lost energy LJ1c(VDC) in one cycle as a function of the 
battery voltage VDC: the function has been obtained by interpolating some 
points (+), calculated by the integral (20). The LJ1c values are expressed in 
percentage, referred to Lref = Pnt1c = 18 MJ. The functions T(t) and N(t) are 
the ones of Fig. 5, and the corresponding winding power losses are those of 
Fig. 6. 
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