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as the allowed operating region imposes restriction on the torque de-
velopment. In fact, the stator current vectors with locus on the torque
trajectory located inside the allowed region are applied to the system
as current reference. The corresponding implementation will be dis-
cussed in connection with the transition among the flux control modes
in Section 3.6.

3.6 Flux control

It is traditionally a common practice to divide the torque speed char-
acteristic of an electric motor to the constant torque region below
the base speed, where the motor flux is constant and the constant
power region, where the motor flux is weakened and the motor power
remains fixed. The latter operating region is well justified by know-
ing that electric motors cannot produce rated torque above the rated
speed due to the power limit. A common solution is to reduce the
developed motor torque to observe the power limit. This is usually
achieved by flux weakening above the base speed. In PMS machines
where the rotor flux produced by magnet poles cannot be changed,
flux weakening is solely carried out through the armature reaction
control. This is to control the stator current such that the desired
torque is developed, while the magnet flux is confronted by an arma-
ture flux component. Fortunately, VC provides an opportunity to
control the torque development and flux weakening by the same con-
trol system. In a rotor reference frame in particular, a negative id
contributes to a positive reluctance torque and at the same time prod-
uce a component of armature flux, which opposes the magnetic flux.
The flux-weakening phenomenon at high speed region can also be
studied from the viewpoint of voltage-current limit. As the motor in-
put voltage (inverter output voltage) and the motor current reach their
limits, it is wise to adjust the components of current vector, id and iq,
such that both voltage and current limits are observed, while torque
development and flux weakening are controlled.

In contrast to the traditional fixed flux operation of electric mo-
tors in constant torque region of motor torque-speed characteristic,
below the rated speed where the voltage limit has not yet reached,
it is sometimes desirable to have some kind of flux weakening. This
type of flux weakening is not aimed at the prevention of exceeding
motor power limit, but to achieve maximum torque for each unit of
current following through the machine or simply maximum torque
per ampere (MTPA) operation. It means that for every stator current
modulus, the current components id and iq are adjusted, such that the
maximum torque is achieve.
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A similar flux weakening may be useful in some situation to achieve
unity power factor operation. In this case, current components must
be adjusted and controlled such that a unity power factor is achieved.
Flux-weakening control systems for the above-mentioned modes of
operation, i.e., MTPA, unity power factor (PF), and high speed are
presented in this section. It is recalled that in all these operating
modes, a negative id is desirable. In fact, a positive id leading to an
increased machine flux in d-axis direction is not common, since it
reduces the developed torque and causes increased machine losses.

A challenging task in the flux-weakening control of PMS motors
is to observe the current and voltage limits. Another challenge is to
manage the machine operation, such that the transition from one flux-
weakening mode to another one happens smoothly as the motor speed
changes. These challenges are also studied in this section.

3.6.1 Maximum torque per ampere control

Rapid motor acceleration is required when a motor starts from stand-
still or a big change in the speed is required. In these situations, motor
must develop a high torque. The motor under such torque demand,
usually reaches its current limit. This causes a limited torque, which is
not sufficient for rapid acceleration. In these situations it is desirable to
have maximum possible torque for every unit of stator current to util-
ize full torque production potential of the machine. This maximum
torque per ampere operation is equivalent to have a specific torque
with minimum possible current. Therefore, even if the machine is not
needed to develop high torque, it is still desirable to operate at MTPA
mode to reduce motor copper loss, and inverter and rectifier conduc-
tion loss. The MTPA control can be implemented with speed control
or torque control as follows.

3.6.1.1 MTPA with speed control

The torque is presented in terms of instantaneous stator current com-
ponents in rotor reference frame by eqn (2.5.19), which is recalled
here as:

Te =
3
2
P [λm + (Ld – Lq)id] iq . (3.6.1)

This can be depicted in an id–iq coordinate system as in Fig. 3.12.
The figure indicates that a specific torque can be developed by in-
finite number of stator current vectors, only four of them have been
depicted. The current vector with a minimum modulus fulfills the
conditions of MTPA. This can be obtained graphically as a current
vector belonging to a current circle tangent to the torque trajectory as
seen in Fig. 3.12.
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Figure 3.12 Depicting MTPA con-
ditions.

In salient pole PMS machines, where Lq > Ld , the d-axis current
under MTPA conditions is always negative due to the contribution of
the reluctance torque as it is seen by eqn (3.6.1). The current com-
ponents under MTPA conditions can be obtained mathematically by
substituting for iq from eqn (3.5.1) in terms of is and id in eqn (3.6.1),
and solving the derivative of the resultant torque equation with respect
to id , where is is taken as a constant (Morimoto et al. 1994): AQ2

∂Te
∂id

| is = const. = 0. (3.6.2)

When in the resulting derivative of eqn (3.6.2), is is substituted in
terms of d- and q-axis current components, the following current
equation is resulted:

i2d – i
2
q +

λm

Ld – Lq
id = 0. (3.6.3)

Eqn (3.6.3) presents a trajectory of is in terms of its components un-
der MTPA conditions for every torque. This is a convex curve in the
id–iq coordinates with its center at the following point:

⎧⎨
⎩
id = λm

(Ld–Lq)
,

iq = 0.
(3.6.4)

The trajectory is depicted in Fig. 3.13 together with the trajectories of
current-limit and voltage-limit (Morimoto et al. 1990b).
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Figure 3.13 Trajectory of stator current vector under MTPA and MTPV condi-
tions, together with current limit circle and voltage limit ellipse.

The d-axis current can be found from (3.6.3) as a function of iq
(Morimoto et al. 1994a):

id =
λm

2(Lq – Ld)
–

√
λ2m

4(Lq – Ld)2
+ i2q . (3.6.5)

This equation can be used to incorporate the MTPA strategy into the
VC of PMS motors by substituting the current components with their
command values as depicted in Fig. 3.14.

The control system includes a block, which receives the q-axis
current command and produces the d-axis current command ac-
cording to eqn (3.6.5). This ensures that the current vector always
remains on the MTPA trajectory. The rest of system is as the system
of Fig. 3.6.

Notice that in surface-mounted pole machines where Ld = Lq,
the MTPA trajectory turns to be the q-axis as is evident from eqn
(3.6.3). It means that is = iq. Therefore, MTPA control of surface-
mounted pole machines can be implemented by the control system
of Fig. 3.6 with a constant id = 0. This has already been presented
in Fig. 3.5 with phase current controllers, although the use of d- and
q-axis current controllers are more common.

3.6.1.2 MTPA with torque control

Useful insight into the machine characteristics can be gained if the
maximum torque per ampere formulation is carried out in per unit or



OUP-FIRST UNCORRECTED PROOF, August 21, 2017

Flux control 107

θr

Speed 
controller

Speed 
detection

id
*

iq
*

id
*= f(iq

*)

ωm

ωm
*

vd
* va

*

vb
*

vc
*

vq
*

Decoupling
current

controllers
PWM

IPM
motor

Encoder

d–q

a–b–c

d–q

a–b–c

Inverter

DC
power
supply

ia

ib

Position
detection

+

–

id

iq

Figure 3.14 Vector control of PMS motors in rotor reference frame with MTPA control.

normalized basis. Normalization is done with a special choice of base
values for the motor current and torque as (Jahns et al. 1986):

ib =
λm

Ld – Lq
,

Teb =
3
2
P λmib.

(3.6.6)

The normalized values of d- and q-axis current components and
developed torque are then obtained as:

idn =
id
ib
,

iqn =
iq
ib
,

Ten =
Te
Teb

.

(3.6.7)

Using the normalized values in eqn (3.6.7), the torque equation in per
unit becomes:

Ten = iqn(1 – idn) . (3.6.8)
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Figure 3.15 Trajectory of stator
current vector under MTPA con-
ditions together with trajectories
of different constant torques at
motoring and generating modes.

It is seen that all machine parameters are eliminated from the torque
equation (3.6.8). This provides an insight into the MTPA mode of
operation as seen in Fig. 3.15 (Jahns et al. 1986).

It is seen in Fig. 3.15 that the MTPA trajectory is tangent to q-axis
at the origin, which is the trajectory of magnet torque alone and tends
to asymptotes to 45◦, which is the trajectory of reluctance torque
alone (Jahns et al. 1986). This is due to the fact that in a PMSmachine
in general, the reluctance torque gets more dominant as the torque in-
creases. Now it is possible to get idn and iqn in terms of the normalized
torque from the following equations:

Ten =
√
idn(idn – 1)3, (3.6.9)

Ten =
iqn
2

[
1 +

√
1 + 4i 2qn

]
. (3.6.10)

The normalized currents are plotted versus normalized torque in
Fig. 3.16 (Jahns et al. 1986).
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Figure 3.16 Normalized current
components versus normalized
torque for MTPA control.

These current trajectories suggest an alternative VC system, i.e.,
feedforward torque control for PMS machines under MTPA strategy.
This is shown in Fig. 3.17 (Jahns et al. 1986).

It is seen that the current commands are generated by functions
f1 and f2, which are implemented by eqns (3.6.9) and (3.9.10), re-
spectively, by using only the torque command. The torque command
itself may directly be applied by the end user or it may be provided
as an output of an overhead system, e.g., speed controller. Having the
d- and q-axis current commands, the VC can be implemented with
a–b–c current controllers or d–q current controllers as was elaborated
before.

id*

iq*

Te
*

f1(Te
*)

f2(Te
*)

Figure 3.17 Feedforward torque
control system in rotor reference
frame.
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3.6.2 Maximum torque per voltage control

When the inverter output voltage reaches its maximum available
value, it is desirable for the machine to use maximum potential of
available voltage. This is to develop maximum torque for every unit
of voltage. Therefore, an MTPV control is desired. To get the oper-
ating conditions under this control strategy, it is necessary to present
the torque equation in terms of voltage components instead of con-
ventional presentation of torque in terms of current components. A
procedure is presented as the following.

Using the steady-state voltage equations (3.5.13) and (3.5.14),
one may get the d- and q-axis currents in terms of d- and q-axis
voltages as:

id =
vq – ωrλm

ωrLd
, (3.6.11)

iq = –
vd

ωrLq
. (3.6.12)

These equations in connection with the torque equation (3.6.1) gives
the torque equation in terms of vd and vq. Also it is known that:

vs =
(
v2d + v

2
q

)1/2
, (3.6.13)

which can be used to give the torque as a function of vd and vs. Now
the following derivative equation provides an MTPV condition as:

∂Te
∂vd

|Vs = const. = 0. (3.6.14)

The derivative of eqn (3.6.14) in connection with (3.6.13) gives:

v2q – v
2
d +

ωrLqλm
Ld – Lq

vq = 0. (3.6.15)

This is the trajectory of MTPV in d–q voltage coordinates. Now sub-
stituting for d- and q-axis voltages from eqns (3.5.13) and (3.5.14)
into the above-mentioned trajectory, the MTPV trajectory in d–q
current coordinates is obtained as:

L2
d i

2
d – L

2
q i

2
q +

2Ld – Lq
Ld – Lq

Ldλmid +
Ld

Ld – Lq
λ2m = 0. (3.6.16)

This equation gives the current vector trajectory for MTPV in terms
of id and iq as depicted in Fig. 3.13. The figure reveals that the
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trajectory does not pass through the coordinate system origin. The
MTPV control strategy can be incorporated into the rotor oriented
VC by finding id from eqn (3.6.16) as a function of iq and substitut-
ing this function into the d-axis current command-producing block in
the control system of Fig. 3.14. The block then gives an id for every
iq, which ensures MTPV operation.

3.6.3 Unity power factor control

It is well known that the unity power factor operation of synchronous
motor drives leads to a reduced rating of power electronic inverter,
and, thus, saves system capital cost. The power factor is an im-
portant measure of motor drive performance at steady state. There-
fore, steady-state models are used for mathematically formulating its
condition.

Power factor control can be incorporated into a VC system in any
reference frame. It is presented in this section in rotor reference frame.
It is implemented by id control in this RF. The condition for unity
power factor operation is derived first. This is obtained by consid-
ering the fact that under this control strategy, the power factor is
always kept constant at unity. Accordingly, the stator current vec-
tor and the stator voltage vector must be aligned under this control
strategy. This is translated, in rotor reference frame, to the following
relationship:

vd
vd

=
id
iq
. (3.6.17)

Substituting for the voltage components in the equality shown pre-
viously from the steady-state voltage equations, ignoring voltage
drops due to winding resistance, the following stator current vector
trajectory is obtained in terms of its d- and q-axis current components.

Ldi2d + Lqi
2
q + λmid = 0. (3.6.18)

Solving eqn (3.6.18) for id , the following d-axis current is obtained in
terms of iq.

id = –
λm

2Ld
–

√
λ2m

4L2
d

–
Lq
Ld
i2q . (3.6.19)

Again, replacing the current components in eqn (3.6.19) with their
command values, it can be used in the d-axis current command-
producing block of Fig. 3.14 to fulfill unity power factor control.
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3.6.4 Transition among flux control modes

It is desired to incorporate different flux control modes of operation
into VC system and facilitate a transition between them to always
achieve an optimum motor performance corresponding to the mo-
tor operating point and at the same time take into account the current
and voltage limits. A transition between the MTPA control and the
MTPV control as the most common transition, which ensures max-
imummotor power, will be presented here (Morimoto et al. 1990a,b).
Another transition of control modes will be presented in hybrid loss
minimization and MTPA control in Section 3.9.4.

The stator current vector trajectories under the MTPA and the
MTPV, together with the current limit circle and the voltage limit el-
lipse at two speeds are depicted in an id–iq coordinates in Fig. 3.18.
The stator current vector under MTPA conditions is on OA1 trajec-
tory, where point “O” on the trajectory corresponds to zero torque.
The stator current can increase on the trajectory up to A1, which is
the cross point of the trajectory and the current circle, correspond-
ing to the maximum torque with allowable current. The motor may
work with this current on the so-called constant torque region with
the maximum torque. The maximum motor speed at A1 is ωr1. At
this operating point the motor provides maximum power, observing
both the current and the voltage limits. The voltage limit ellipse at this
speed is depicted by a dash line. As the motor speed increases beyond
ωr1, the stator current vector cannot remain on the MTPA trajectory
anymore if the maximum power is to be delivered by the motor. In
fact, the current vector approaches A2 on the current circle, and the
voltage ellipse shrinks. Therefore, A1-A2 on the circle corresponds to
the so called constant power operation of the machine. The speed ωr2

Voltage-limit ellipse

Current-limit circle

MTPA trajectory

MTPV trajectory

ω r
=

ω n
ω r

>
ω n

id

iq

A4 0

A2

A1

Figure 3.18 Transition among flux
control modes for machines with
λm < LdisL.
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is the maximum speed for the maximum motor power, considering
voltage limit. Above this speed, the voltage-limited maximum motor
power cannot be obtained, since the MTPV trajectory intersects the
voltage ellipse beyond the current circle.

Considering the motor performances presented previously, the
motor can produce maximum power over the entire speed range,
while observing the current and voltage limits, if the stator current
vector in Fig. 3.19 is forced to follow the three modes of operation as
(Morimoto et al. 1990b):

1. ωr ≤ ωr1: The current vector is fixed at A1. The d- and q-
axis stator current components are given by solving the MTPA
conditions and the current limit, i.e., eqns (3.6.3) and (3.5.1).
Therefore, is = isL and vs < vsL .

2. ωr1 < ωr ≤ ωr2: The current vector moves along the current
limit circle from A1 to A2, while the speed increases from ωr1
toward ωr2. The d- and q-axis stator current components are
given by solving the current limit circle and the voltage limit
ellipse, i.e., eqns (3.5.1) and (3.5.15). Therefore, is = isL and
vs = vsL .

3. ωr ≥ ωr2: The current vector moves along the MTPV trajec-
tory from A2 to A4, while the speed increases beyond ωr2. The
d- and q-axis stator current components are given by solving
the MTPA conditions and the voltage ellipse, i.e., eqns (3.6.3)
and (3.5.16). Therefore, is < isL and vs = vsL .

Fig. 3.18, as explained previously, is associated with the operating
modes of PMS machines in which λm < Ld isL . If the machine design
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MTPV trajectory

ω r
=

ω n

ωr= ωr3
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A3 0

Figure 3.19 Transition among flux
control modes for machines with
λm > LdisL.
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is such that λm > Ld isL , then the MTPV trajectory falls outside the
current limit circle as shown in Fig. 3.19. Therefore, the stator current
vector at ωr ≥ ωr2 cannot move along the MTPV trajectory. As a re-
sult, the stator current vector moves on the current limit circle toward
point A3 as it is seen in Fig. 3.19. At this point iq = 0 and, therefore,
the machine developed torque and subsequently the machine power
becomes zero, while the motor speed reaches its maximum value at
ωr = ωr3, which is given by:

ωr3 =
vsL

λm – Ld isL
. (3.6.20)

At a special machine design that λm = Ld isL , the maximum machine
speed theoretically approaches infinity and the voltage limit ellipse
vanishes as seen from eqn (3.6.20).

In surface-mounted PMS machines, the same modes of operations
as described previously is held. However, Figs 3.18 and 3.19 must be
redrawn such that the voltage limit becomes a circle, the MTPA tra-
jectory lays on the q-axis and the MTPV trajectory becomes a vertical
line at id = –λm/Ld .

The transition of machine operation among the previously men-
tioned three modes of operation when the motor speed varies over
its entire range can be carried out in practice by a transition routine.
The routine is implementation as a part of the overall machine con-
trol system and determines the d-axis current command in response
to the q-axis current command. It replace the flux weakening block
(i∗d determination block) in Fig. 3.14.

3.6.5 Saturation of current controllers

Saturation of current controllers is referred to a malfunction of cur-
rent controllers during which the current control is partially lost. The
malfunction is due to neither the reaching of the winding current cap-
acity to its limit nor a design problem in the current controller. It is, in
fact, caused by the inability of a motor current to follow its command
signal due to a voltage limit in high speed. Considering the machine d-
axis voltage equations is helpful in clarifying the cause of the problem.
The equation is recalled here as:

vd + ωr Lqiq = Rs id + Ldpid . (3.6.21)

It is seen in eqn (3.6.21) when the machine speed increases, the speed
voltage along the d-axis increases As a result, the total voltage on
the right-hand side of eqn (3.6.21), which acts as a driving poten-
tial to flow the d-axis current through the machine decreases. This
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is because the d-axis terminal voltage is negative due to the negative
d-axis current in IPMmachines. Therefore, the d-axis current control
is partially lost, which is denoted as the saturation of current control-
ler. The speed voltage acts as an internal feedback for the machine
as seen in the machine block diagram of Fig. 3.20 corresponding to
eqn (3.6.21). When the feedback increases in high speed, the error to
the current dynamic block and thus the block output, i.e., id reduce.
This, in turn, causes a drift in the developed torque. The problem
could be avoided if extra terminal voltage would have been applied
to the machine. However, since the machine operation beyond the
base speed is maintained by applying full voltage to the machine cor-
responding to the DC link voltage of the inverter, there is no extra
voltage available to avoid saturation of the current controller in high
speeds.

Lq

++vd
id

iq

Lds+Rs

I

ωr

Figure 3.20 Speed voltage as an
internal feedback in the machine
causing saturation of d-axis current
controller.

A solution to the saturation of d-axis current control is to lower
the speed voltage ωrLqiq in eqn (3.6.21) by limiting more severely
the q-axis current to provide enough voltage to the dynamic block in
Fig. 3.20. However, a reduction of iq will change the machine devel-
oped torque, unless id changes accordingly. Fortunately, a decrease
in iq increases the total negative voltage on the left-hand side of eqn
(3.6.21) which acts as a driving potential to flow id , and, therefore,
increases the negative id and increases the developed torque. For a
negative iq, which occurs during the deceleration, a higher limit must
be enforced.

The saturation of current controller and its solution can also be ex-
plained graphically by reminding that the current space vector must
always remain inside the voltage limit ellipse. The saturation of cur-
rent controller occurs when a current vector command, is1, outside
the voltage ellipse is applied to the machine to develop a desired
torque as seen in Fig. 3.21. The command cannot be met due to the
voltage limit. The solution is to move back the current vector com-
mand inside the ellipse; while, it is retained on the desired torque locus
as seen in Fig. 3.21 by is2.

The solution can be implemented by a system as depicted in
Fig. 3.22 (Jahns 1987). The saturation of d-axis current is detected
by the error between the commanded and feedback values of d-axis
current, 
id . This error is high when the saturation does occur. It is
applied to a PI current regulator to provide a current component idf as
a flux-weakening current. This current will adjust the q-axis current
limit. As the q-axis current command is limited and the system wants
to develop the same torque as it is desired by the torque command, id
gets more negative and its error reduces. Thus, the current control is
saturated. The values of i0 and iqmax are constant and are determined,
such that the normal operation and the flux weakening operation are
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Figure 3.21 Solution to the satur-
ation of current controller by moving
stator current vector into the voltage
limit ellipse.
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adequately decoupled and a desirable dynamics during the transition
from one operating mode to the other is ensured.

3.7 VC in stator flux reference frame

A PMS machine model in stator flux (x–y) reference frame shows a
developed torque proportional to λx iy as presented by eqn (2.6.13).
This compact torque equation is a salient feature of the model in this




