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Abstract: - The interior permanent magnet (IPM) synchronous machines have several desirable features for 
automotive, tools machines and residential drive applications. When operating over a wide speed range, the 
main problem is to assure a proper and automatically set flux weakening. The paper presents a control structure 
of an IPM synchronous machine proper to be used also in the motoring regime, generating regime or in an 
integrated starter-generator regime. The control algorithm assures insensitivity to the load parameters variation. 
Experimental results for both cranking and generation are shown and analyzed. 
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1   Introduction 
Due to their high efficiency, the permanent-magnet 
(PM) synchronous machines with constant rotor flux 
have been attracting wide attentions and extensively 
used. A special attention was paid to find the existing 
electric machines that meet the specifications on 
cranking torque, driving power and speed range at 
the same time. The continuous cost reduction of 
magnetic materials with high energy density and 
coercitivity led to consider the PM synchronous 
machines as high attractive candidates both in 
automotive, tools machines and residential drive 
applications. 

One of the exciting automotive application is the 
integrated starter generator (ISG) that uses one 
machine to replace conventional starter and 
alternator onboard vehicles and provides greater 
electrical generation capacity and improves the fuel 
economy and emissions. The ISG is coupled to the 
combustion engine either directly or by a belt. 

Nowadays much of the work was done to get the 
best substitute of the old Lundell alternator. Unlike 
the machine in pure electric vehicle, the ISG 
machine has to enable the charging of the battery and 
to operate electric loads with nearly constant voltage 
at the speed range corresponding to the engine speed 
from idle 600rpm to redline 6000rpm. 

The IPM motors due to their saliency develop 
supplementary reluctance torque and thus present a 
higher torque capability than the surface-mounted 
permanent magnet synchronous machine (SPMSM). 

This is why the IPM synchronous machine (IPMSM) 
is more suited to play the role of an ISG. 

The main requirements of the ISG control are to 
ensure the necessary high torque as starter and the 
constant output voltage, irrespective of the input 
speed and load, as generator. 

Because of its geometry, IPMSM has a robust 
rotor construction, a rotor saliency and the low 
effective air gap. The IPMSM control is done usual 
by two kinds of methods: direct torque control [1], 
[2] and vector control [3]. 

However, as the speed increases, the back 
electromotive force also increases, so the IPMSM 
acting as an ISG must operate well in both the 
constant torque region and the constant power 
region. To get this, some various control algorithms 
for flux weakening have been published mainly in 
the last two decades [4]..[10]. The constant torque 
region and constant power region are governed by 
different equations. In time two types of approaches 
have been used to control the IPMSM: the ancient 
one is based on the machine equations [7], which can 
generate problems at the regime switching, and the 
newest one that apply different control techniques by 
continuous adjustment of the reactive current at the 
condition of bounded voltage and current [8], [9]. 
Our proposed control strategy belongs to the last one 
and is based on the voltage error. 

The IPMSM was controlled in order to be 
insensitive to the load parameters variation and the 
control algorithm was tested in different regimes: 
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motoring, generating and then playing the role of an 
ISG. The control algorithm is a combination of some 
techniques found in the literature and is based on the 
maximum torque-per-ampere strategy (minimum 
copper loss). A prototype system was tested in order 
to confirm the control algorithms and dSPACE based 
experimental results are presented and discussed. 

 
 

2   Voltage and current limits 
In the d-q axis synchronous frame, the dynamic 
equations of the IPMSM can be expressed as: 
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Symbols u and i denote voltage and current, ψm 
the  flux  linkage  of  the permanent magnets in the 
d-axis rotor, Ld is the d-axis self-inductance, Lq is the 
q-axis self-inductance, ωe is the electrical speed, 
respectively, and index s denotes parameters and 
variables associated with stator. 

The developed electromagnetic torque te in terms 
of stator currents is expressed as: 

( )[ ]sqsddqsqme iiLLipt −+ψ=             (2) 
where p denotes the number of pole pairs. This has 
two components: the alignment torque produced by 
the flux linkage and the reluctance torque produced 
by the saliency. It is desirable that the reluctance 
torque should be properly utilized in order to 
increase the whole efficiency of the IPMSM drives. 

At the low speed, the back-electromotive force is 
small and so there is enough voltage to control the 
current to generate the torque. As the rotor speed 
increases, the marginal voltage to control the current 
is decreased and the torque becomes highly distorted 
so the flux weakening method should be applied [4]. 
The extension range of the speed is solely limited by 
the structure and the parameters of the motors under 
the given condition of voltage and current limitation.  

The maximum voltage Us max that the inverter can 
supply the machine is limited by DC link voltage and 
PWM strategy. When the voltage space vector 
strategy is used, 3/UU DCmaxs = . Also the 
maximum current Is max is determined by the inverter 
current rating and machine thermal rating.  

So, the imposed limits for the motor’s voltage and 
current are: 

⎪⎩

⎪
⎨
⎧

≤+

≤+
222

222

maxssqsd

maxssqsd

Iii
Uuu

               (3) 

Neglecting the stator resistance (when speed 
increases the term ωe becomes more important), 

from (1) the steady-state voltage limit equation 
yields: 

( )
2

2
22

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

ω
≤+⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ψ
+

qe

maxs
sq

q

d

d

m
sd L

Ui
L
L

L
i       (4) 

From (3) and (4) it can be seen that the current 
limit equation determines  a  circle  with a radius of 
Is max, while the voltage limit equation determines a 
series of nested ellipses (for the IPMSM, Lq>Ld). 
Fig.1 shows the current-limit circle and the voltage-
limit ellipses in the isd-isq plane.  

The voltage-limit ellipse decreases as the speed 
increases. At a so-called base speed ωbase, the 
maximum torque point A is on the cross point of 
maximum torque-per-current trajectory and current-
limit circle. When the IPMSM is operated from the 
start up to the base speed in the constant torque 
region, the voltage-limit ellipse exceeds the 
maximum current boundary and no voltage 
limitation needs to be considered in this situation.  

But beyond the base speed, the IPMSM cannot be 
operated without flux-weakening control and so, to 
extend the speed range, a proper demagnetizing 
current has to be applied depending on the operating 
speed. The current vector trajectory will move along 
the boundary of the current-limit circle (from A to B 
in Fig.1) as rotor speed increases. 

Without a proper flux weakening at higher speed, 
the current regulators would be saturated and lose 
their controllability. Since the onset of current 
regulator saturation varies according to the load 
conditions and the machine parameters, the 
beginning point of the flux weakening should be 
varied. The late starting of the flux weakening may 
result in undesired torque drop, but the early starting 
deteriorates the acceleration performance [5]. 
 
 
3   The control algorithm 
As opposed to SPMSM, the id=0 control method is 
not suitable for the IPMSM because the reluctance 
torque is not produced even if this kind of machine 
has a saliency.  
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At low speeds, because the absence of voltage 
limitation, the current vector might be controlled to 
fully use reluctance torque in order to maximize the 
machine efficiency. Typically, it is chosen to 
maximize the torque per amper ratio by controlling 
the current vector in order to have an optimum 
inclination versus q-axis. To get the maximum 
torque control, the inclination angle γ of the current 
vector (Fig.2) depends on the load conditions, taking 
values between 0 and 45° [6].  

q 

isq 
is 

γ 

isd ψm d 

Fig.2 Current phasor diagram in the d-q frame 

The maximum torque-per-ampere (MTPA) 
strategy seeks to get a certain torque with the 
smallest possible stator current amplitude (so with 
minimum copper loss). Because γ−= sinii ssd  

and γ= cosii ssq , where ss ii = , (2) becomes:  
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and imposing the condition : 
0=γd/dte                     (6) 

the relation between isd and isq for the maxim torque 
per amper control is derived as  
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This relation is shown as the maximum torque-per- 
ampere trajectory in Fig.1.      

Above the base speed, the normal operation is 
possible only applying the flux weakening and the 
maximum torque is obtained when the drive operates 
in the voltage and current limits. The flux weakening 
control of IPM synchronous machines is conducted 
by injecting the d-axis current isd negatively, which is 
different from induction machine where the flux is 
weakened by decreasing the d-axis current.    

However, another relation between isd and isq 
could be established and so the control in the 
constant torque region and constant power region is 
based on different equations. Some authors, as [6], 
proposed an algorithm for the control mode 
transition, but all kind of transitions can lead to 
instability. The authors of [4] proposed another 
method by adjusting the d-axis current command 
depending  as  well  as the bounds of the maximum 
q-axis current of the speed controller in the following 
manner: the d-axis current is fixed as a transient 
which is initiated such that the q-axis current bound 
can be gradually adjusted by a PI controller. The 
corresponding q-axis bound is calculated 
simultaneously as the PI controller adjusts the d-axis 
current, but it is found that under transient conditions 
cannot follow the true bounds instantaneously. A 
field weakening control scheme based on a real-time 
adjustment is present also in [7], but the used 

maximum torque-per-ampere strategy lead to 
inadequate torque at high speeds and light loads. In 
[8] the flux weakening control algorithm takes into 
account the error between the maximum voltage and 
the command voltage and the flux weakening could 
be set to prevent the saturation of the current 
regulators. Other authors like [9] pointed out that the 
PI controller should be replaced by an integral (I) 
controller, to either ensure the drive stability or 
simplify the controller design. In order to eliminate 
the gradual adjustment by feedback mechanisms so 
as to achieve faster response and better stability, [10] 
proposed o new flux-weakening control method 
based on a closed-form solution of the available 
maximum torque.  

The proposed control strategy is an improved 
combination of the previous discussed techniques 
based on the voltage error. The Fig.3 presents the 
schemes used in the three operating cases: motoring, 
generating and ISG, the block components being 
detailed in the last one.  

The d–axis and q-axis currents cannot be 
controlled independently by usd and usq because of 
the cross-coupling effects (the terms sqqe iLω and 

sdde iLω  in (1)) that are dominant for IPMSM due to 
relatively large inductances and increase as the speed 
increases. The cross-coupling effects are usually 
canceled by the feedforward compensation [6]. 

Two PI controllers, implemented in the 
synchronous reference frame, are used for the current 
control, followed by a decoupling circuit. In the 
constant power operation, a closed-loop voltage 
control is used to ensure an automatically onset of 
the accurate flux-weakening operation, depending on 
the load condition and machine parameters. Flux 
weakening mode is entered when the error   

( )222
sqsdmaxs uuu +−=ε                    (8) 

becomes negative. This error, passing through a low-
pass filter (LPF) and regulated by an I controller, 
lead to the d-axis current increases toward the 
negative direction to prevent saturation of the current 
regulators. The I controller output is limited (to 
avoid irreversible demagnetization) so that the d-axis 
current to be between 0 and the minimal allowable 
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Fig.3 The control schemes: (a) – motoring regime, (b) – generating regime, (c) – ISG regime 
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The magnitude of the injected stator current is can 
be expressed as 

22
sqsds iii +=                    (9) 

and taking into account (7), the d-q axis components 
of the current vector that ensures the maximum 
torque-per-ampere yields 

( ) 22
sdsssq iiisigni −⋅=                 (10) 
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 The last equation is equivalent with (7) but 

expressing the d-axis current as a function of is, 
taking into account (9). 

Thus, when the d-axis current is increased with 
respect to the voltage limit, the q-axis current is 
depressed in order to ensure the current limit 
condition. Moreover, a saturation block with 
adaptive limits take into account the flux weakening 
command and forces once more the operating 
point to not exceed the current-limit circle. In this 
way the current regulators regain the ability of 
regulating the d-axis and q-axis currents and the 
maximum torque-per-ampere is produced at the 
crossing point between the current limit circle and 
voltage limit ellipse, in the constant power region.  

*
sdiΔ
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Because this scheme utilizes for flux weakening 
the output voltage of the PI current regulators and 
the outer voltage-regulating loop instead of the 
IPMSM model, it becomes robust and insensitive to 
load conditions and load parameters. 

The external lead-acid battery pack has a double 
role: provides the energy necessary in the ISG 
motoring mode and stores the energy produced in the 
generating mode. A capacitive filter is connected to 
the DC line. 
 
 
4   Experimental results 
In this paper a commercial IPMSM, designed for 
playing as automotive generator, operating at low 
voltage and high currents, was used (rated 
parameters in Table 1). This is mechanical coupled 
(Fig.4) to an internal combustion engine simulator 
that consists in a SPMSM (1.9 kW, 330V, 4.4A and 
4000rpm). The speed of the engine simulator can be 
varied in closed loop by means of its own inverter. 

The engine simulator is based on a mean torque 
predictive engine model, which would take into 
account the major dynamics (lag and delays) 
inherent in the spark ignition torque production 
process [12]. Though the obtained speed 
characteristics may be different from a real engine, 
and the power ratio between ISG and engine 
simulator is not proper, this experimental setup 
allows testing the validity of the proposed control 

algorithms successfully. 
The PWM converter connected to IPMSM is a 

standard three-phase bridge that is capable of bi-
directional power flow. In the ISG motoring mode 
this converter acts as an inverter and in the 
generating mode it acts as a boosting rectifier. A few 
years ago, the automobile industry agreed to adopt 
standards for a new 42V voltage for production and 
use of electrical power. This new standard was not 
adopted in a rush and various system voltage ranging 
from 42V to 500V were proposed.       

To control the whole experimental system, a 
dSPACE 1104 board and ControlDesk software is 
being used. This board contains all the peripherals 
and resources necessary to control simultaneously 
both the load machine (engine simulator) and 
IPMSM. The speed information comes from the 
resolver included in the SPMSM and is digitalized 
with an ADS1200 resolver-to-digital converter. For 
the currents and the voltages measure the Hall 
transducers are used.  

 
 
4.1 IPMSM motoring regime 
The control scheme corresponds to Fig.3.a and the 
IPMSM base speed was estimated of about 
1200rpm. The Fig.6 catch the moments when the 
IPMSM starts-up in the motoring regime for a time 

Fig.5 The phase- and d-axis voltage and currents

Table1  IPM synchronous machine characteristics 
 

Rated power [kW] 4 
Peak current constraint [A] 160 
Number of phases 3 
Number of poles 12 
Rs [mΩ] 21 
Ld [mH] 0.076 
Lq [mH] 0.12 
ψm [Wb] 0.009 
Rated speed [rpm] 2000 
Rated voltage [V] 11 

Fig.4 View of the test bench 

Engine simulator Starter-Generator 
(SPMSM) (IPMSM) 
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interval of two seconds, both bellow and above the 
base speed. The high DC current/phase current 
demand can be noticed up the system stabilizes at 
the reference speed. 

Due to its specific geometry and construction, 
IPMSM produces non-sinusoidal currents, as seen in 
Fig.5. These currents are acquired and used to 
generate the reference voltage commands. The 
reference and measured currents in the d-q frame are 
presented in Fig.8. The current and voltage space 
phasor loci in the stationary reference frame 
presented in Fig.7 confirm the presence of the fifth 
harmonic in the phase current of the IPMSM [13]. 
More, Fig.8 shows how the flux-weakening block 
acts with Δisd

* to prevent the regulators saturation 

when the base speed is surpassed. 
 
 
4.2 IPMSM generating regime 
In the generating regime, the PWM inverter boosts 
up to about 38V on the DC link, charging the 
batteries pack with a low current (approx. 1.2A) as 
seen in Fig.9.b While the battery pack is connected, 
this will keep the DC voltage approximately constant 
during non-high load variations. 

As in the previous case, the current and voltage 
space phasor loci in the stationary rotating reference 
frame presented in Fig.10 confirm the presence of 
the fifth harmonic in the phase current of the 
IPMSM,  issue  that  causes  many oscillations of the  

Fig.6  Experimental results bellow (left side) and above (right side) the base speed 
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generated id and iq currents as we can see in Fig.9.c 
and Fig.9.d. In the absence of the corresponding 
transducer, Fig.9.e shows the estimated 
electromagnetic torque. 

Fig.8 Reference and measured currents  
in the d-q frame 

Fig.7 Current space phasor loci in the stationary  
reference frame bellow the base speed

Fig.9 Experimental obtained values for the 
IPMSM in generating regime 

(a) 

(b) 

(c) 

(d) 

(e) 
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4.3 IPMSM as integrated starter-generator 
The conceived control algorithm was tested as part 
of an integrated-starter-generator system. The 
considered time interval was set again at two 
seconds. In the first moments, during 0.28 sec, the 
engine is cranked by the ISG from 0 up to 600 rpm. 
As motor, the ISG takes a large current from 
batteries to generate the necessary cranking torque. 
Once the speed gets 600 rpm, the engine control 
system switches on the speed loop, producing 
acceleration up to the reference cruise speed (in our 
case 1200 rpm).  

At the same time, the ISG control system changes 
from the motoring to generating regime. In the 
generating regime, the PWM inverter boosts up to 
about 38V on the DC link, charging the batteries 
pack as previously (Fig.11).   

Once the start-up period was surpassed, the system 
will keep the engine-imposed speed and the same 
output voltage, the DC voltage being approximately 
constant because the connected batteries pack.  

The experimental results presented in Fig.12 and 
13 are, as expected, a mixture of the previously 
studied regimes and show good system stability to 
the regime switching from motoring to generating. 

 
 
5   Conclusions 
This paper has provided a control solution for an 
IPMSM using the vector control technique in order 
to get high performances as requested in automotive 
applications. The proposed system is implemented 
both as a torque control scheme in motoring mode 
and as output voltage control scheme in generating 
regime when the IPMSM is driven by an engine 
simulator.   

A laboratory prototype for the ISG system has 
been implemented to validate the proposed method.  
The results of the paper suggest that the controlled 
IPMSM responds to the specific demands in 
different operating conditions and offers good 
dynamic performances.  

Two difficulties we have had to surpass in the 
testing experiments. First, the low design 
characteristics of the IPMSM that produces a high 

F i ig.10 Current and voltage space phasor loc
in the stationary reference frame 

Fig.11 External characteristics of the ISG system 
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fifth-harmonic in its phase currents and so hardly 
influences the generated reference command-
voltages. Second, the PWM converter connected to 
IPMSM is built with IGBT devices. These ones have 
a high voltage drop and become difficult to use the 
converter at low voltages, as requested in many 
specific automotive applications. 

In a future research we intend to apply the 
conceived control algorithm to a hybrid-excited 
synchronous machine, taking into account the 
minimum loss criterion as in [11]. 
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