Analysis for Unstable Problem of PMSM Current
Control System in Overmodulation Range
Smith Lerdudomsak, Shinji Doki and Shigeru Okuma
Department of Electrical Engineering and Computer Science
Nagoya University
Nagoya, Japan
Email: smith@okuma.nuee.nagoya-u.ac.jp, doki@nagoya-u.jp, okuma@nagoya-u.jp
Linear
Range

Overmodulation Range

Modulutaion index of
output voltage

Abstract—Unstable problem of PMSM current control system
in the overmodulation range of an inverter is a well known
problem, however, the cause and mechanism of this problem are
still not investigated well. Actually, the main reasons which are
large amount of harmonic components and voltage saturation of
an inverter in this range are already known. However, the effects
from current controller such as PI controller gain and control
period are still not considered well.
In this paper, we focus on the effects from current controller
to this unstable problem. Moreover, we also propose the easy
calculation method to predict this unstable phenomena too.
Compared with the simulation results, the calculation results
from our proposed method match very well.
Index Terms—PMSM, Overmodulation range, Current control,
Unstable problem
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Fig. 1. The nonlinear amplitude relation between reference voltage and
output voltage of an inverter

II. U NSTABLE PROBLEM IN OVERMODULATION RANGE
Compared with the conventional linear range, there are two
main differences occur in the overmodulation range [1].
1) Nonlinear relation between reference and output voltages,
and also output voltage saturation (Fig.1)
2) Large amount of harmonic components in inverter output
voltages, especially the 5th and the 7th harmonic components
in phase voltages (Fig.2), or the 6th harmonic component in
d axis and q axis voltages
From the above differences, we can consider the model of
an inverter in the overmodulation range to be equivalent to a
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For expanding the operating range of a PMSM, there are
many efforts to use an inverter in the overmodulation range.
Because, compared with the conventional linear range, output
voltage of an inverter in the overmodulation range can be
increased as much as 127% without any increasing in dc link
voltage [1].
However, a current control system of PMSM becomes
unstable easily in this overmodulation range [2]-[5]. This is
a well known problem of the overmodulation range, however,
the reasons of unstable problem are still not analytically
investigated well.
Hence, the purpose of this work is to analyze and to ﬁnd
the factors that make current control system of PMSM become
unstable in the overmodulation range. Finally, we also propose
the easy calculation method to predict the conditions that
unstable problem will occur too.
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I. I NTRODUCTION
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Fig. 2. (a)Wavefrom of phase voltage in overmodulation range (b)Power
spectrum of voltage in overmodulation range

nonlinear ampliﬁer plus harmonics disturbance compared with
a simple linear ampliﬁer in the case of linear range as shown
in Fig.3 [4].
In a closed loop current control system of PMSM, harmonic
currents that generated from inverter harmonic voltages in the
overmodulation range are fed-back to closed loop system and
will cause an unstable problem by the mechanism described
below.
(1) PI current controllers will try to suppress these
harmonic currents by generating extra disturbance suppression
reference voltages to an inverter.
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Block diagram of continuous PMSM current control loop
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Model of an inverter in (a) linear range (b) overmodulation range

(2) Becuase in the overmodulation range, inverter is
already operating near the voltage saturation limit (Fig.1), an
inverter will become saturated easily by these extra reference
voltages.
(3) When an inverter becomes saturated, there is not
enough voltage for controlling fundamental component of
currents correctly, hence an unstable problem will occur.
We can say that in the overmodulation range, an unstable
problem in closed loop current control system will occur or
not depends on, ﬁrst voltage saturation occurs or not ,and
second if voltage saturation occurs, what is the voltage limiter
calculation method (voltage phase control method) that be
used.
In this paper we focus on the ﬁrst topic that ”when will
the voltage saturation occur”, and also ﬁnd the factors in
current control system that cause this saturation too. About
the voltage limiter calculation method, in this paper we use
the ”constant d-axis voltage method” [6], however the results
in this paper are also general for the other voltage limiter
calculation methods too.
III. E FFECTS FROM CURRENT CONTROLLER
By using the conventional decoupling control method, we
can consider the current control loops of d axis and q axis
separately. Fig.4 shows a block diagram of current control
loop, K(s) is a PI current controller transfer function and P (s)
is a PMSM transfer function after decoupling control as shown
in (1) and (2) respectively, when Kp , Ki are proportional
and integral gains of PI controller and L, R are inductance
and resistance of PMSM. r(s), u(s), d(s), y(s) are reference
current, control voltage, harmonic disturbance (generated from
an inverter in the overmodulation range) and output current
respectively.
K(s)

=

P (s) =

Kp s + Ki
s
1
Ls + R

In this time, we focus on the effect from harmonic disturbance d(s) to control voltage u(s), and we can ﬁnd the transfer
function Gdu (s) that is the transfer function from d(s) to u(s)
as shown in (3). The physical meaning of Gdu (s) is that to
suppress harmonic disturbance d(s), how much control voltage
u(s) is required.
Gdu (s)

=
=

−K(s)P (s)
u(s)
=
d(s)
1 + K(s)P (s)
−(Kp s + Ki )
Ls2 + (R + Kp )s + Ki

(3)

By using (3), we can plot the bode diagram of Gdu (s). In
this time, we consider the case that the crossover frequencies
of PI gain are 2,000rad/s and 10,000rad/s, and the parameters
of PMSM are shown in TABLE I. Bode diagrams in these
cases are shown together in Fig.5.
If we pay an attention in the magnitude of Gdu (s) in Fig.5,
we can ﬁnd that the larger in gain of PI controller the larger
in magnitude of Gdu (s) and the easier voltage saturation will
occur.
However, in a real control system, a discrete system is
usually used, and we can simply model the effect of a discrete
system by using the delay e−Tc s as shown in Fig.6, when Tc
represents current control period.
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Fig. 5. Bode diagram of Gdu (s) when crossover frequencies of PI gain are
2,000 rad/s and 10,000 rad/s in continuous system
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We can also ﬁnd the transfer function Gdu (s) in this case
as shown in (4). And by using Taylor approximation for
delay e−Tc s as shown in (5), we can plot the discrete system
bode diagram of Gdu (s) as shown in Fig.7, when PI gains
are 2,000rad/s and 10,000rad/s and continuous and 100µsec
discrete system are considered together.
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Fig. 7. Bode diagram of Gdu (s) when crossover frequencies of PI gain
are 2,000 rad/s and 10,000 rad/s in continuous system and 100µsec discrete
system

Gdu (s)

(b) Gain=10,000rad/s
T

T*

Fig. 8. Simulation results of torque and voltage amplitude when PI gains
are (a) 2,000 rad/s and (b) 10,000 rad/s
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For example, if we consider the case that speed of PMSM is
6,000 rpm (the 6th harmonic frequency is about 7,500 rad/s),
hence from Fig.7, we can ﬁnd that, the effect from discrete
system makes the larger magnitude of Gdu (s), and also the
easier of voltage saturation occurrence.
Next we will show the effect from PI gain by using
simulation results. The parameters of PMSM are shown in
TABLE I and running conditions are set for inverter to operate
in the overmodulation range near the six step operation (dc link
voltage is 200 V, speed is 6,000 rpm constant and reference
current is 5A, 120 deg). In this time, the 100µsec control
period is set to be constant, and the cases when PI gains
are 2,000rad/s and 10,000rad/s are considered. The simulation
results of torque and voltage amplitude in these cases are
shown together in Fig.8.
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Continuous
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Fig. 9. Bode diagram of Gdu (s) when crossover frequencies of PI gain
is 2,500 rad/s constant and control periods are 0(continuous), 100µsec and
400µsec

Here, T ∗ and T are reference torque and real torque which
are calculated from reference currents or real currents and
PMSM parameters as shown in (6), V ∗ is an amplitude of
reference voltage which can be calculated from d axis and q
axis reference voltages vd∗ , vq∗ as shown in (7), and Vlim is
limit of inverter output voltage in the overmodulation range
(six step operation) which can be calculated as in (8) [1].
T
V

∗

Vlim

= P ke iq + (Ld − Lq )id iq

=
vd∗ + vq∗

3 4 Vdc
=
2π 2

(6)
(7)
(8)

From the above simulation results we can ﬁnd that in the
case of 2,000 rad/s, voltage saturation does not occur and
torque can be stably controlled. However in the case of 10,000
rad/s, large voltage saturation occurs and torque becomes
unstable. These results also conform with the bode diagram
of Gdu (s) in Fig.7.
Next we will consider the effect of control period. For
example, if we ﬁx PI gain to be 2,500rad/s, and vary control
period from 0(continuous), 100µsec and 400µsec, the bode
diagrams of Gdu (s) in these cases can be plotted together as
shown in Fig.9.
In this time, if we consider the case that speed of PMSM is
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Vdc is dc link voltage. Based on the relation between reference
voltage amplitude V ∗ and harmonic voltage amplitude as
shown in Fig.11 [4], amplitudes of the 5th and the 7th
harmonic voltages V5 , V7 can be achieved .

V∗ =
vd∗2 + vq∗2
(10)

∗
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mi =
3 Vdc /2
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Fig. 10. Simulation results of torque and voltage amplitude when control
period are (a) 100µsec and (b) 400µsec

1,600 rpm (the 6th harmonic frequency is about 2,000 rad/s),
then from the above results, we can ﬁnd that the longer in
control period the larger in magnitude of Gdu (s) and the easier
voltage saturation will occur.
We can also show the effect of control period by using
simulation results as before. Parameters of a PMSM are shown
in TABLE I and running conditions are set for inverter to
operate in the overmodulation range near the six step operation
(dc link voltage is 50 V, speed is 1,600 rpm constant and
reference current is 3.5A, 120 deg). In this time we ﬁx PI gain
to be 2,500rad/s constant, and consider the case that control
periods are 100µsec and 400µsec. The simulation results are
shown in Fig.10 and we can ﬁnd that the results also conform
with the bode diagram in Fig.9.
IV. U NSTABLE PROBLEM PREDICTION METHOD
Actually, an unstable problem in the overmodulation range
will occur or not can be checked by experiment or computer
simulation. However, this is a trial and error process and will
consume so much time in system design process. Hence, in
this paper we propose the more easy calculation method that
can predict an unstable problem in the overmodulation range
correctly. By using the proposed method, an unstable problem
in the overmodulation range can be easily predicted and the
results also give more insight in the unstable phenomena too.
From the above section, we can ﬁnd that an unstable
problem in the overmodulation range depends directly on the
occurrence of voltage saturation, thus in our proposed method,
we will check that how much the voltage saturation occurs
and then use that result to predict an unstable problem. The
calculation details are explained in step by step as below.
Step1: As the initial conditions, we assume that d axis and
q axis voltages used for harmonic disturbance suppression are
about 5% of decoupling voltages, thus we can calculate for
d axis and q axis reference voltages vd∗ , vq∗ as shown in (9),
when ωre is rotational speed in rad/s (electrical degree), i∗d , i∗q
are d and q axis reference currents respectively.
vd∗
vq∗

= −1.05 × ωre Lq i∗q
=

1.05 × (ωre Ld i∗d + ωre ke )

(9)

Step2: Reference voltage amplitude V ∗ and modulation
index mi can be calculated as shown in (10) and (11), when
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Relation between modulation index of reference voltage and
harmonic voltages

Step3: When the modulation index is high, the phase angles
of the 5th and the 7th harmonic voltages can be calculated as
shown in (12) [4].
Φ5

=

Φ7

=

vq∗
)
vd∗
vq∗
7Φ1 = 7tan−1 ( ∗ )
vd
5Φ1 = 5tan−1 (

(12)

Step4: Based on calculated the 5th and the 7th harmonic
voltage amplitudes and phase angles, d axis and q axis 6th
harmonic voltages vd6 , vq6 can be calculated as in (13) [4].

3
(V5 cos(6θre + Φ5 ) + V7 cos(6θre + Φ7 ))
vd6 =
 2
3
vq6 =
(−V5 sin(6θre + Φ5 ) + V7 sin(6θre + Φ7 )) (13)
2
Step5: In this time we focus on the 6th harmonic voltage
amplitudes Vd6 , Vq6 that can be calculated by (14), when
parameters A, B, C, D can be calculated as in (15).

3
A
A
(Asin(tan−1 ( ) + Bcos(tan−1 ( )))
Vd6 =
B
B
2
3
C
C
Vq6 =
(Csin(tan−1 ( ) + Dcos(tan−1 ( ))) (14)
2
D
D
A = −V5 sinΦ5 − V7 sinΦ7
B = V5 cosΦ5 + V7 cosΦ7
C
D

= −V5 cosΦ5 + V7 cosΦ7
= −V5 sinΦ5 + V7 sinΦ7

(15)

Step6: By using the calculation method of discrete delay as
shown in (16), we can calculate for magnitude of Gdu (jω)
of q axis current control system at frequency of 6th harmonic
component as shown in (17), when parameters E, F, G, H are

shown in (18). In the case of d axis current control system,
Kpq , Kiq , Lq can be substituted by Kpd , Kid , Ld respectively.
−jTc 6ωre

e

= cos(Tc 6ωre ) − jsin(Tc 6ωre )


(EG + F H)2 + (F G − EH)2
|Gq (j6ωre )| =
G2 + H 2

(16)
(17)

E = Kiq cos(Tc 6ωre ) + 6ωre Kpq sin(Tc 6ωre )
F = −Kiq sin(Tc 6ωre ) + 6ωre Kpq cos(Tc 6ωre )
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Fig. 12. Calculated γ values, when PI gains are 1,000 rad/s to 5,000 rad/s
and control periods are 0 (continuous) to 500 µsec

2
G = −Lq 6ωre
+ 6ωre Kpq sin(Tc 6ωre ) + Kiq cos(Tc 6ωre )
poles are larger than 1, which is a normal closed loop system
H = R6ωre + 6ωre Kpq cos(Tc 6ωre ) − Kiq sin(Tc 6ωre ) (18) unstable, not by the effect from the overmodulation range. We
can check that even in the linear range of an inverter, the
Step7: Maximum value of voltages that used to suppress
system also becomes unstable in these conditions same as in
th
6 harmonic disturbances in d axis and q axis ud6 , uq6 can
the overmodulation range.
be calculated as in (19).
From the above results, we can ﬁnd that the calculated γ
value can be used to predict an unstable problem of closed loop
ud6 = |Gd (j6ωre )||Vd6 |
uq6 = |Gq (j6ωre )||Vq6 |
(19) current control system in the overmodulation range quite well.
By using the proposed calculation method, the boundary line
Step8: Based on the calculated values of ud6 , uq6 , d axis between stable and unstable system can be correctly predicted.
However, the relation between the value of ”γ” itself and the
and q axis reference voltages can be recalculated as in (20).
unstable degree is still not evident. One of the reasons is that,
∗
∗
vd2 = −(ωre Lq iq + ud6 )
when voltage saturation occurs, the decoupling control cannot
∗
vq2
= ωre Ld i∗d + ωre ke + uq6
(20) correctly operate. Hence, for more proper results, the effect
from coupling terms between d axis and q axis when the
Step9: Reference voltage amplitude is recalculated and the
voltage saturation occurs should be considered too, and this
value ”γ” can be calculated by (21).
topic is one of our future works.


V2∗
γ

=

=

∗2 + v ∗2
vd2
q2

V2∗
V∗
= 2
Vlim
3 4 Vdc
2π 2

V. C ONCLUSION
(21)

By operating about 5 or 6 times of loop calculation from
Step 2 to Step 9, the value of γ will converge. The physical
meaning of ”γ” is the value to show that how much reference
voltage is larger than limited voltage. Of course, voltage
saturation, and also unstable problem, will easily occur when
γ is far above from 1.
To show the example of γ calculation results, in this time
we consider the case that dc link voltage is 50 V, speed of
PMSM is 1,600 rpm constant and reference current is 3.5 A.
120 deg. In this time, the gains of PI controller are varied
from 1,000 rad/s to 5,000 rad/s and control periods are varied
from continuous to 500 µsec discrete system. The calculation
results of γ in these cases are shown together in Fig.12.
In Fig.12, the shaded area represents the operating conditions that unstable problems occur which checked by computer
simulation, and of course, values of γ are much larger than 1.
The simulation results in each cases are shown from Fig.13 to
Fig.36. These simulation results conform with the results in
Fig.12 as said before.
However in the cases of Fig.32, Fig.36 and Fig.37, the
unstable characteristics are different from the others. Actually,
in these conditions (very high gain and long period), an
unstable problem occurs due to the discrete system closed loop

In this paper, the cause and the mechanism of an unstable problem in the overmodulation range of an inverter are
investigated. The effects from current control system to this
unstable problem which are the effects from PI controller
gain and control period are analytically explained. Finally, the
easy calculation method for prediction of an unstable problem
are proposed and the calculation results are conﬁrmed by the
simulation results.
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Simulation results: 3,000 rad/s 300µsec

Fig. 30.

(d) 3000rad/s 400usec

(d) 4000rad/s 400usec
Torque (Nm)

T*

Torque (Nm)

Simulation results: 4,000 rad/s 300µsec

T

time (sec)
Voltage (V)

Voltage (V)

time (sec)

V*
Vlim

Simulation results: 3,000 rad/s 400µsec

Fig. 31.

Vlim

Simulation results: 4,000 rad/s 400µsec
(e) 4000rad/s 500usec

Torque (Nm)

(e) 3000rad/s 500usec
Torque (Nm)

V*

time (sec)

time (sec)

Fig. 26.

T*
T

T*
T
time (msec)

V*
Vlim
time (sec)

Simulation results: 3,000 rad/s 500µsec

Voltage (V)

Voltage (V)

time (sec)

Fig. 27.

T*

T

V*
Vlim
time (msec)

Fig. 32.

Simulation results: 4,000 rad/s 500µsec
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Simulation results: 5,000 rad/s 100µsec
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Simulation results: 5,000 rad/s 300µsec
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Simulation results: 5,000 rad/s 400µsec
(e) 5000rad/s 500usec

Torque (Nm)

T*
T

Voltage (V)

time (msec)

V*
Vlim
time (msec)

Fig. 37.

Simulation results: 5,000 rad/s 500µsec

