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This paper discusses a Maximum Torque per Ampere (MTPA) and maximum efficiency control methods which are based on
the Volt per Hertz (\V/f) control for an Interior Permanent Magnetic Synchronous Motor (IPMSM). The V/f control is inherently a
position sensorless method, therefore it is simpler than the conventional methods such as the sensorless vector control method. In
addition, the MTPA and the maximum efficiency controls can be achieved by controlling the reactive power without the
information of magnet pole position. The MTPA control can reduce the copper loss in IPMSM and achieve high efficiency.
Furthermore, maximum efficiency control is further improving the efficiency after implemented the MTPA, which tends to
reduce both the copper and iron losses. In this paper, the validity of the MTPA methods is confirmed by simulation and
experimental results. From the experimental results, the output current is reduced by 76% after implemented the MTPA to control
the reactive power. In addition at 0.6 p.u. torque and 1.0 p.u. motor speed, the simulation results demonstrate that the maximum

efficiency control can further reduce the total losses.

Keywords : IPM synchronous motor, V/f control, maximum toque per ampere control, maximum efficiency control, reactive power

1. Introduction

IPMSM has been intensively studied due to the attractive
features, high efficiency, high density and high speed
rotation®®,

The vector control method is widely applied to drive the
IPMSM. The vector control method is necessary to detect the
magnet pole position by using a position sensor such as an
encoder and a resolver. However, the position sensors constrain
the cost in motor drive systems.

In order to remove the position sensor, several kinds of
sensorless vector control methods have been studied and proposed
for IPMSM~®3)_ The sensorless vector control method estimates
the magnetic pole position of the IPMSM by using the motor
voltage, the motor current and motor parameters. However, the
calculation for the position estimation is complicated. The
stabilization is difficult due to inconsistent control parameter. In
addition, the error of the position estimation occurs easily when
the parameters are mismatching between the controller and the
motor. Especially the motor parameters will change according to
the motor temperature, flux saturation and so on. As a result, it is
difficult to ensure the stability of sensorless vector control.

On the other hands, open loop control which has no current
regulator such as the \olt/Hertz (V/f) control methods for the
PMSM have been studied®~®?_ The V/f control method does not
essentially require the information of the pole position because the
control algorism is implemented on yd-flame which the §-axis
corresponding to the output voltage vector of an inverter. The
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control block diagram is simpler than that of the sensor less vector
control. Especially, the motor parameters are not used in the
control. In Ref. (14) and (15), i;=0 control method based on V/f
control for Surface Permanent Magnetic Synchronous Motor
(SPMSM) has proposed. However, for the IPMSM, i4=0 control is
not effective because the reluctance torque cannot be used
effectively.

On the other hand, the MTPA control methods based on the V/f
control have been investigated®"). The MTPA control method
can be achieved by regulating the current phase to control the
reactive power. Therefore, the V/f control method is effective in
those applications that do not need a high response torque control
such as a fan and a pump.

However, the detail of the MTPA control method is clarified
only by simulations as reported in Ref. (16) and (17). In another
words, the characteristics of the MTPA in IPMSM are not
evaluated practically in an experiment. Furthermore, the
maximum efficiency point is different from the MTPA operation
on IPMSM. That is, the maximum efficiency control for IPMSM
based on V/f control has not been discussed so far. Furthermore in
order to apply MTPA control method based on V/f control, d and
g-axis inductance values (Lq and Lg) are used. The inductance
identification method based on V/f control is required to obtain the
motor parameters simply.

In this paper, the characteristics of the MTPA control strategy
are clarified by experimental results. Besides, the maximum
efficiency control method and the inductance identification
method based on V/f control are proposed.

This paper will be organized as follows; at first, the principle of
the V/f control for IPMSM with a damping control is introduced.
After that, the MTPA based on V/f control is described compared
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to ig = 0 control method. Moreover, the maximum efficiency
control considering iron loss is proposed.

Secondly, the identification methods for Ly and L based on the
VIf control is proposed in chapter 4. These methods are
implemented with the MTPA

Finally, the MTPA control method and the maximum efficiency
control method based on V/f control method are confirmed in
simulation and experimental results. The prototype uses 1.5-kW
IPMSM with a two-level inverter. In addition, the inductance
identification method is demonstrated in the experiment. These
results indicate the validity of the proposed method.

2. High efficiency control strategy based on V/f
control

2.1 VIf control based on the output voltage vector of the
inverter Fig. 1 shows the relationship between y5-frame and
dg-frame. Generally, in the dg-frame of the IPMSM control, the
d-axis is defined as the direction of the flux vector by the
permanent magnet and the direction of the g-axis is defined as the
electromotive force vector. Therefore, it is very important to
identify the flux vector in the vector control. However, the V/f
control method is implemented on the y3-frame, and the 8-axis is
defined as the direction of the output voltage vector of the inverter.
Therefore, the 8-axis is referred as the active power component
and the y-axis is referred as the reactive power component.

The voltage equation of IPMSM based on dg-frame is given by
@).

v, R.+pLy  —o.L, | 0
. - oL, R+ pL, | i, +|:a)reWm:| .................. 1)

where vqq is the d(q)-axis voltage, iy is the d(q)-axis current, a,
is the electric angular frequency, p is the differential operator, R, is
the armature resistance value, Lq( is the d(g)-axis synchronous
inductance values, and v, is the flux linkage of the permanent
magnet. Then, the voltage equation of IPMSM based on y&-frame
is obtained by (2).

Vol R.+pLy -l |, oy sing o
Vs wlLd Ra+p|-q io‘ e/ml 0s@ |

where v, is the y(5)-axis voltage, i, is the y(3)-axis current, and
wy is the rotating speed of yd-frame. Here, the equation of the
torque and the relationship between the electric angular velocity
and the torque on yd-frame is given by (3) and (4) respectively. It
is noted that the viscosity resistance is ignored.

T =Py = P, i, sinO+i,0080) oo @A)

Pf (T _TL)

. =
pl’E J

where Ps is the pairs of poles, T is the output torque, T is the load
torque, and J is the inertia of the motor. The gap angular 6
between y3-frame and dg-frame is given by (5).

PO=0 =Dy oo (5).

In the steady state, the rotating speed in either y3-frame or
dg-frame is same value. However, in transient state, the gap
angular between yd-frame and dg-frame occurs due to the
variation in the rotating speed. Here, the differential of @is
equaled to the difference between w; and w.

From the definition of the y8-frame, the output voltage vector v

Dre 4 (Ldid )2 + (Lqiq )2

Vs 7 Rala

Fig. 1. Relationship between y5-frame and dg-frame.
The &-axis is defined as the direction of the output
voltage vector of the inverter, and the direction of the
g-axis is defined as the electromotive force vector.
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Fig. 2. VI/f control method based on yd-frame. The
motor is controlled by V/f control method with damping
control.

is given on &-axis. In addition, the electromotive force @
occurs on the g-axis. Therefore, the gap angular & between the
y-axis and dg-frame depends on the load angular.

2.2 Damping control Fig. 2 shows the block diagram of
the V/f control method based on y3-frame. When motor is
controlled by simple V/f control method which means an open
loop control, the torque vibration is generated due to the resonance
between the synchronous reactance and the moment of inertia of
the IPMSM as indicated in Ref. (13).

In Ref. (13), the V/f control method based on the y3-frame with
damping control has been proposed. The torque vibration causes
the vibration of the 5-axis current because the 3-axis current is an
active current. In another words, the vibration component of the
8-axis current can be taken as a reference to assume the vibration
component of the torque. The damping control suppresses the
torque vibration with a feedback from the §-axis current into the
electric angular frequency reference value @ in order to cancel
the load angular vibration. When the damping control is applied,
the damping coefficient is a function to the feedback gain Ky,
therefore, the stable operation can be achieved.

2.3 Maximum torque per ampere control based on
reactive power control The reactive power on dg-frame Qqq
is given by (6).
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Qug = Valg = Valg oo, (6)

By substituting (1) into (6) the reactive power Qg can be
expressed as (7).

qu = a)re {Ldid2 + Lqiq2 +l/lmid } """""""""""""""""" (7)

At first, iy = 0 control which is often used in a SPMSM to
obtain the maximum efficiency, is considered in order to compare
the MTPA for IPMSM. Equation (7) can be rewritten as (8) when
id =0.

Quy = @ Lyie? = 0oLy 1,2 = 0 Ly [i,2 +,2) o ®)

re ' —q

On the other hands, the reactive power based on y3-flame Qs is
given by

Qy§ = Vaiy ---------------------------------------------------------------------- 9

Therefore, if vsis regulated to confirm the reactive power which
is calculated from the y3-frame on (10), the iq = 0 control can be
achieved without the information from the dg-frame.

DL, 1,2 =Vl o

Fig. 2 and Fig. 3 show the control block diagram of the iy = 0
control method based on V/f control for IPMSM. The detail of the
high efficiency block diagram in Fig. 2 is shown in Fig. 3.

On the other hand, when the IPMSM is controlled, the
reluctance torque cannot be used if iy = 0 control is applied.
Therefore, the MTPA control based on V/f control for IPMSM is
described as following.

Equation (7) can be rewritten as (11) by using the output current
I, and the current phase S.

Quq :wre{Ldlazsin2ﬂ+ L 1.2 cosz[;’—y/mlasinﬁ} ...... (12)

where the equation of the B when the MTPA control®2 jg
given by

_ecin-1 _ l//m l//m ‘ 1
p=sin 4(|-q—|-d)|a+\/[4(|-q—|-d)|a] +2 ... (12).

Note that the current phase 5 becomes zero when Ly equal to L,
i.e. it means SPMSM because 1% term equals to 2™ term.  If this
is defined as I,sin (B) = X, then the equation of the reactive power
is obtained by (13).

Qo =0 L X2 + L (1.2 = X2~y X f e (13)

Equation (13) is the reactive power when the MTPA control is
achieved. Therefore, if the Q,s as shown in (9) equals to Qg as
shown in (13), the MTPA control can be achieved. In another
words, the satisfaction of (14) achieves the MTPA control during
the V/f control.

O {Ld X2+, (iy2 +iyt — xz)— wmx}: L/ (14)

In order to satisfy the condition in (14), the PI controller is
implemented to regulate the d-axis voltage v

Fig. 4 shows the control block diagram of the MTPA control
method based on V/f control. The control block shown in Fig. 3 is
the same as the high efficiency block witch is shown in Fig. 2. In
addition, the command Qyq is calculated from (13) at the Qq, calc.
block in Fig. 4. The high efficiency block conform Q,sto Qqq* by
Pl controller. The PI controller outputs the &-axis voltage
command compensation value of Av,. The Av; compensates the

Fig. 3. Control block diagram of iz= 0 control method
based on V/f control. The Avs compensate the 3-axis
voltage command v, in order to accomplish (10).

i, * AV
3 Qd * qu +

is q »O >- ’-_p
s calc. Q R m

@ Qyt)'

g—‘ \ 2 A 4

Vs

Fig. 4. MTPA control method based on the reactive
power control for IPMSM. Qg command value is
calculated from (13) at the Qqq* calc. block

O
(b) g-axis

Fig. 5. Equivalent circuit considering the iron loss

based on dg-frame.

-axis voltage command v, in order to accomplish (12).

2.4 Maximum efficiency control method based on V/f
control The aim of MTPA control is the reduction of the
copper loss of IPMSM. However, in order to improve the motor
efficiency, the iron loss needs to be considered and analyzed. Then,
the maximum efficiency control method based on V/f control is
proposed.

Fig. 5 shows the equivalent circuit considering the iron loss
based on dg-frame®?9  Here, R, is the equivalent iron loss
resistance.

The voltage equation based on dg-frame is obtained by (15) and
(16).

Vd iod Ra Vod Ld 0 iod
v, =R, 3 + 1+R—C v, +p 0 L || (15)
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Voa | | 0 —aly |l 0 16
Vo | ol 0 i ||, | (16)

Here, ioq and iyq are given by (17) and (18).

. . ool

g =1y —igg =14 +R—c ............................................ 7)
, (¥, + Laig)

oq =g — gy =1 = e (18)

In addition, the iron loss Wi; is given by (19)

W, = v,’ (wrequoq)z a) eLalog +a)rel//m)2 ................ (19)
R R

C C

Therefore, in order to achieve the maximum efficiency control,
considering of not only the copper loss but also the iron loss is
important.

The reactive power reference value of maximum efficiency
control method is obtained from (20).

Quq = Qugret_omp + De {Ld X%+ |_q(|a2 - X 2)— z//mx} ...... (20)

From the MTPA control based on V/f control, it is confirmed
that the current phase can be controlled indirectly by control of the
reactive power. Therefore, Qqqrr is varied by the reactive power
reference compensation value Qgqrer cmp @nd the current phase is
regulated. As the result, the maximum efficiency point can be
found.

3. Identification methods for Ly and L based on the
V/f control

3.1 g-axis inductance identification method based on
MTPA control method The MTPA control method based on
VIf control requires the information of motor parameters.

Therefore, if the motor parameter is different from the actual value,

the qu* might not become an appropriate value to minimize the 1,.
Therefore, the estimation of reactance of the IPMSM is required.
Here, by using ig = 0 control method based on the V/f control, the
g-axis inductance value L can be identified.

Here, (8) is transformed into (21), when L ¢ is the estimation
value of L,

qu a)reLq est(y+|§

As following, when L ¢ is equaled to L, ig = 0 control can be
achieved. Therefore, by varying the L, . and observing the d-axis
current, then L is possible to estimate.

However, during the V/f control, d-axis current cannot be
observed directly because the magnet pole position is not used. As
the result, iy = 0 can be determined by (22).

Vy? = (0uWn + R P +(0uLy wlaf oo (22)

Equation (22) is valid only when igy = 0 because the vector
directions of wyyr, and R,l, become the same when iy = 0 (shown
in Fig. 6). Then, L e can be assumed to be equaled to Ly That is,
the =0 point is found out by comparison between right term and
left term of (22) without rotor position information. Note that
the proposed estimation method for L does not use L. Therefore,
L, is estimated independently.

3.2 d-axis inductance identification method based on
MTPA control method Using MTPA control method based
on V/f control, the d-axis inductance value L4 can be identified.

q
)
Orelgla
V5 7 & Rala
4+ WreWn Y
is ’/‘F\I ~la
=9 ] 3

Fig. 6. Vector diagram of the IPMSM driven by V/f
control when iy = 0 control. The vector directions of
W Wm and Ryl become the same when iy =0

First, (13) is transformed into (23), when Lg ¢4 is the estimation
value of L.

Qu =@y X2+ L (12 = X2y X o 23)

As following, when L, ¢ is equaled to L, the output current I,
becomes its minimum. Therefore, by varying the Lg e and
observing the I,, and then the Ly can be estimated.

However, if L, is different from the actual value, 1, might
become smaller when Lg ¢ is not equaled to Ly Therefore, L,
should be estimated by using the proposed L, identification
method that has been discussed in this chapter.

4. Simulation results

4.1 Maximum efficiency control method based on V/f
control Fig. 7 shows the simulation result when Qqgret cmp
varies and R, is assumed to be 300 Q. The minimum point of the
total loss Wc + Wi is Qqgret cmp = 0 Pp.U., When @y, is 0 p.u.. On the
other hand, the minimum point of the total 10ss is Qqgref cmp = -0.4
p.u. when @, is 1.0 p.u. From the results, it is confirmed that the
current phase varies when the total loss becomes minimum since
the rotating speed of the motor is changed because the iron loss
varies

Fig. 8 shows the values of Qgqrer cmp that can achieve the lowest
losses subject to the motor speed. From Fig. 8, the equation of
Quaret_cmp CaN be expressed by (24).

Quaret amp = A" +B @By o (24)

Here, in this IPMSM, A and B are -0.547 and 0.141 respectively
from the curve in Fig. 8.

Fig. 9 shows the amplitude of the total loss when the reactive
power reference value is varied by adding the error Qggref vary S
expressed in (25).

qu = quref _vary + quref _cmp
2 2
Wy {LdX +Lq(la -

Here, Qqgre cmp from (24) is substituted into (25) and Qqgrer Will
be compensated depending on @r,. When Qqgret vary IS Z€r0, it is
confirmed that total loss can be reach its minimum.

4.2 d and g-axis inductance identification method based
on MTPA control method Fig. 10 shows the simulation
result of L, identification method. Here, the horizontal axis is the
ratio between L ¢« and Lg, and the vertical axis is the difference
between right and left sides of (22). The simulation conditions are
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follows; the rotating speed command value is 1.0 p.u. and the load
torque is 1.0 p.u. When the difference between left and right sides
of (22) is equaled to O, it is confirmed that iy = 0 and Lg ¢ is
equaled to Lg. As the result, it is confirmed that this method can
estimate the L.

Fig. 11 shows the simulation result of Ly identification method.
The horizontal axis is the ratio between Lg e and Lg, and the
vertical axis is the output current value l,. The simulation
conditions are follows; the rotating speed command value is 1.0
p.u. and the load torque is 1.0 p.u. When I, becomes its minimum,
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Fig. 9. Relationship between Qggrer vary and the total

loss with Maximum Efficiency control (Load torques
are 1.0 p.u. and rotating speeds are 1.0 p.u.)
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(Load torques are 1.0 p.u. and rotating speeds are 1.0
p.u.).

the result can confirm that Ly ¢ is equaled to Ly. As the result, it is
confirmed that this method can estimate the L.
5. Experimental results

5.1 Maximum torque per ampere control method based
on VI/f control Fig. 12 show the schematic of the
experimental system. The IPMSM is driven by a two-level
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Fig. 12. Schematic of the experimental system.

Table 1. Motor parameter using the experiment.

Motor Power 1.5kW

Rated Current 6.1A/ms

Rated Speed 1800rpm
Number of Poles 6poles
Winding Resistance 0.783Q2
d-axis Inductance 11.5mH
g-axis Inductance 23.0mH

Interlinkage magnetic flux 0.246V-s/rad

Fig. 13. Variation of the dg-frame and u-phase current
by the MTPA control method based on V/f control
(Load torque is 0.2p.u. and rotating speed is 0.4p.u.).
The output current can be reduced by 68 % (from 0.72
p.u. to 0.23 p.u.) after applying the MTPA control
method.

inverter and the switching frequency is 10 kHz. In addition, the
load motor is used as load machine to supply a constant torque. In
this experiment, in order to confirm the effectiveness of the MTPA
control method based on V/f control, the information of magnet
pole position is obtained from a Hall Effect sensor. However, the
information of magnet pole position is not used in the actual motor
drive system.

Table 1 shows the motor parameters that are used in the
experiment. The IPMSM has a saliency ratio of 2.0.

Fig. 13 shows the experimental results of the IPMSM drive
operation using the two-level inverter with the MTPA control
method based on the V/f control method. The experimental

conditions are follow; the rotating speed command value is 0.4 p.u.

and the load torque is 0.2 p.u.. From Fig. 4, the output current can
be reduced by 68 % (from 0.72 p.u. to 0.23 p.u.) after applying the
MTPA control method. If the MTPA control is disabled, the
reluctance torque cannot reach its maximum and the output
current becomes large. On the other hand, if the MTPA control is
enabled, the reluctance torque can reach its maximum and the
output current becomes its minimum.

Fig. 14 shows the amplitude of the output current when the
reactive power is varied by adding the error Qqgrer vary as (26).
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""-0.08 -0.04 0 0.04 0.08 0.12

Variation of reactive power command value
quref_vary [pu]

Fig. 14. Relationship between Qggref vary and I, with
MTPA control method (Load torques are 0.2p.u. and
rotating speeds are 0.2p.u.). The amplitude of the output
current becomes minimum at 0.23 p.u. when the
reactive power command value is equivalent to the
theoretical value.

Withot MTPA control

~
S
E-—E

/With MTPA control
L= IOV, S A vvn-s A .- Do A

OJO.Z 0.3 04 05 06 07 08 09 1
Rotating speed @, [p.u.]

Fig. 15. Variation of the output current with/without
MTPA control method when rotating speed is changed
(Load torques are 0.2p.u.). Even if the load condition is
varying, the proposed method can reduce the output
current.

Q" = Quyetany + @ fLo X2 4L (1,2 =X -y X | . (26).

In Fig. 14, the horizontal axis shows the difference between the
reactive power command value and the theoretical value Qgqper. It
is confirmed that the amplitude of the output current becomes
minimum at 0.23 p.u of the rated current. when the reactive power
command value is equivalent to the theoretical value. It means that
the reactive power command from (13) can minimize the output
current at the constant load torque. As a result, the effectiveness of
the MTPA method can be observed.

Fig. 15 shows the amplitude of output current when the load
condition varies. Even if the load condition varies, the MTPA
method can reduce the output current. In addition, the output
current can be reduced by 76 % (from 0.96 p.u. to 0.23 p.u.).

5.2 Maximum efficiency control method based on V/f
control Fig. 16 shows the experimental results to confirm the
operation of the maximum efficiency control. The schematic of
the experimental system is shown in Fig. 12. The experimental
conditions are follow; the rotating speed command value is 1.0 p.u.
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Fig. 16. The relationships between the Qqgret vary and the
copper loss, iron loss, and total loss with maximum
efficiency control (Load torques are 0.6 p.u. and rotating
speeds are 1.0 p.u.)
and the load torque is 0.6 p.u.. Here, Qqgrer cmp @S expressed in (25)
issetat0.12 p.u.

The horizontal axis is the error Qgqret vary as expressed in (25),
and the copper loss, iron loss and total loss are varied by the
Qugref_vary- When Qqgref vary IS zero, the total loss can reach its
minimum that is 125.1 W. As the result, the maximum efficiency
control can be achieved. Furthermore, when Qqgref vary iS -0.12 p.u.,
the copper loss reaches the minimum 30.8 W whereas the total
loss is not the smallest because iron loss increases. From the result,
the maximum efficiency control demonstrated that the total losses
are further reduced by 2.8 W compared to the MTPA control based
on V/f control. Therefore, it is confirmed that the maximum
efficiency control can achieve higher efficiency than the MTPA
control.

5.3 d and g-axis inductance identification method
based on MTPA control method Fig. 17 shows the
experimental result of L, identification method. Here, the
horizontal axis is the ratio between L s and L, and the vertical

-
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Fig. 17. Variation of the output current with/without

MTPA control method when rotating speed is changed
(Load torques are 0.2p.u.).
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Fig. 18. \Variation of the output current with/without
MTPA control method when rotating speed is changed
(Load torques are 0.2p.u.).

axis is the d-axis current and also the difference between left and
right sides of (22). The experimental conditions are follows; the
rotating speed command value is 0.2 p.u. and the load torque is 0.2
p.u. When the difference between the left and right sides of (22) is
equaled to 0, it is confirmed that iq = 0 and L ¢ is equaled to 0.98
Ly (22.6 mH). As the result, it is confirmed that this method can
achieve to estimate the L.

Fig. 18 shows the experimental result of Ly identification
method. The horizontal axis is the ratio between Ly ¢ and Lg, and
the vertical axis is the output current value 1,. The experimental
conditions are follows; the rotating speed command value is 0.4
p.u. and the load torque is 0.2 p.u. When |, becomes its minimum,
the result can confirm that Ly ¢ is equaled to 0.95 L4(10.9 mH).
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As the result, it is confirmed that this method can achieve to
estimate the L.

6. Conclusion

This paper discussed and evaluated a maximum torque per
ampere and maximum efficiency control methods based on V/f
control by simulation and experimental results.

The MTPA control method is based on the control of reactive
power and as a result the information of the magnet pole position
is not necessary. From the experimental results, it can confirm that
the output current can be reduced by 76 %.

Furthermore, the validity of the maximum efficiency control
method based on V/f control was confirmed in simulation and
experimental results. The proposed method can minimize the total
losses. From the result, the maximum efficiency control
demonstrated that the total losses are further reduced by 2.8 W
compared to the MTPA control based on V/f control.

In addition, the identification method of the Ly and L, with the
MTPA control method was proposed. From the experimental
results, L e is equaled to 0.98 Ly (22.6 mH), L e is equaled to
0.95 L4(10.9 mH). That is, the estimation error is within 5% of the
nominal value.

These results are shown to be benefit in the construction of high
efficiency sensorless IPMSM drive system that uses a V/f control.
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