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Minimization of Losses in Permanent Magnet Synchronous Motors
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ABSTRACT

In this paper, maximum efficiency operation of two types of permanent magnet synchronous motor drives, namely,
surface type permanent magnet synchronous machine (SPMSM) and mterior type permanent magnet synchronous motor
(IPMSM), are mvestigated The efficiency of both drives 1s maximized by minmmizing copper and iron losses. Loss
munumization 18 mmplemented using flux weakening., A neural network controller (NNC) 1s designed for each drive, to
achieve loss mimimization at different speeds and load torque values. Data for training the NNC are obtaned through off-
line simulations of SPMSM and IPMSM at different operating conditions Accuracy and fast response of each NNC 1s
proved by applymg sudden changes mn speed and load and tracking the NNC output The drives’ efficiency obtamed by
flux weakening 1s compared with the efficiency obtained when setting the d-axis current component to zero, while varying
the angle of advance “¢” of the PWM mverter supplying the PMSM drive. Equal efficiencies are obtamed at different
values of @, denved to be function of speed and load torque A NN 1s also designed, and trained to vary ¢ following the

derived control law The accuracy and fast response of the NN controller 1s also proved.

Key words: Permanent magnet synchronous motor, L.oss minimization, Neural network controller

1. Introduction These advantages make the PMSM attractive for

industrial application, as well as n electric vehicles.

Permanent magnet synchronous motors (PMSM) are
progressively replacing de motors 1n applications that
require variable speed drives The PMSM offers several
advantages, namely; a high torque—to-mertia ratio and an
excellent power factor, smce the copper losses are
confined to the stator In addition, for the same delivered
mechanmcal power, a PMSM needs a smaller line current
value, which 1s favorable for the design of the electronic
power converter feeding this drive
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However, the need to save energy still exists to develop an
efficient drive The mam efforts for higher efficiency are
focused on improvement of matenals and optimization of

M However, elfficiency can also be

design strategies
mproved by intervening n the operational principle of
moters Such methods can be mmplemented on adjustable
speed drives fed through an inverter., Several control
methods have been proposed to minimize the losses of
PMSM drivest™., The proposed method to specify the loss
minmmization condition for surface and mterior PMSM
drives m [2] 18 complicated and 1ts implementation based
on the knowledge of machine parameters. In [4], loss
optimization 1s achieved using a fuzzy table within a fuzzy
controller. In [5], air-gap flux weakening algorithm 1s
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proposed for loss optimization, but the stator resistance
was neglected while deriving the optimum voltage to
frequency ratio

Increasing dnive efficiency by maximizing the
generated torque was investigated m [6-7] In [6] an
equation relating the optimum angle of advance of the
PWM inverter feeding the drive was derived as a function
m the speed only, 1 e load effect was not included. In [7],
the load was considered but without suggesting a method
for implementation.

In the previcusly described work, no attempt was done
to apply Neural Network (NN} controllers for maximum
efficiency operation of PMSM drive. However NN was
apphed for positton control of PM servo drives®, for

(9]

tracking of PM synchronous generator parameters”, or for

speed control of permanent magnet motors!'%

In this paper, a loss minmuzation technique 1s
developed to minumze copper and won lesses in both
surface type permanent magnet synchronous machine
(SPMSM) and magnet

synchronous machine (JPMSM) drives The proposed

wmterior type permanent
technique is based on the air-gap flux weakening, where
the value of the d-ax:s stator current component that leads
to muumum losses 18 first denved for IPMSM and
SPMSM drives. To achieve fast response with minimum
losses within the operating range, flux weakening 1s
implemented using neural networks (NN). The advantages
of the NN lie n 1ts learning characier, as well as 1n 1ts
ability to deal with nonlinearities. A three-layer feed-
forward NN 15 designed to
miumuzation model of the mvestigated drives The

mplement the loss

accuracy and fast response of the proposed controller 15
tested by applying sudden changes m speed and torque,
then examining the corresponding change 1n stator current

Also, another scheme 15 proposed for maxmmizing the
efficiency of the PMSM drive, when setting the d-axis
prevent

stator  cuirent

demagnetization of the permanent magnet, while varying

component to zero, to

the angle of advance “¢” of the PWM mverter supplying
the PMSM drive The value of ¢ that allows maximum
efficiency is derved as function of speed and load, and a
NN controller 18 designed and tested to implement this
scheme The accuracy and fast response of the proposed
controller 1s tested by applymg sudden changes n speed
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and torque, then examining the corresponding change
mverter angle,

2. Loss Minimization Model of Interior PMSM

The steady state model of the IPMSM 1s derived from
the d and g-axes per-phase equivalent circuit shown m Fig.

1,117

Vg =Rz + o Lyyg + o2 (1)

Vi =Ry — o Lote, (2)
The electromagnetic torque 1s given by.

T =1 5P| Zipq +(Ly = Ly todlag | ©)
And the equation for motor dynamics 18

T, =T, + B, +J de,/dt 4)

The mamn losses of the PMSM are the copper and wron
losses. Referring to the general equivalent circuit of the
PMSM given 1n Fig. 1, the copper losses are given by:

Py =R g +R & (5)

While the wron losses Pfe are given by:

Pp=w] AjIR, (6)

where, Lo 18 the air gap flux.
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Fig 1 Equvalent Circurt for PMSM n the d and q axes
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Equation (6) could be written as
Pj"ezw?sli(l'*‘['d lod)z"'(Lq Zoq)z:lch (7N

Neglecting harmomic losses, which are ndirectly
controlled by flux weakening, the total losses are Pcu and
Pfe For a given torque, Peu and Pfe are functions of 1,4
Mimmimum losses satisfy 8(F, + P}/ dipg = 0F /819y =0

Hence

toa | By + (@] T4 1R) |+

6PL /a.!od =2 2 0 2

o zﬂq/aad[Rg + (@ Lq.’RC)]Jr(a)S ALg/R)

(8)

From the electric torque equation (3), the cumrent 1,4 18
given by:

tog =T, /15 P[A+(Ly—Ly) 104 | (9)

Hence 81, /0104 15 demived as.

Brog 1 810g ==|{La —Lg )T /15 P[A4(Ly —Lq)zad:[lz (10)

Substituting (10) mto (8) and equating the result to zero,
gives the followmg expression for the optimum d-axis
stator current 1d,, that leads to minimum losses at a given
steady state speed and torque:

[(Rb Rc)+(ca§ Lé)]/ 3
l:(RS R, +@? Lg,)] o an

—{[A o? 13/, Rc+a}3L§x]]

Liop =1 5P LT

where, LT={L;-L,)/T,.

Equation (11) gives the optimal d-axis component of
stator current, which can be applied i current-controlled
minumization condition  for
controlled schemes 1s obtammed by substituting (11) mto
equations (1) and (2) and using the supply voltage V, as

Ve=yVi+V} (12)

schemes Loss voltage
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To prove that the losses are mummized as speed and
load wvaries, the total losses are plotted versus Vs at
different speeds and constant torque as shown mn Fig. 2,
and at vanable load torque and constant speed 1n Fig 3

It 18 worth notice that the voltage value at which
minumum losses occurs differs at different speeds, and 18
lower at lower values of load torque.

L2}
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Fig 2 Power Loss Versus Stator Voltage at Variable Speed and
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Fig. 3 Power Loss Versus Stator Voltage at Variable Load and
Constant Speed

3. Network Controller for Loss-Minimization
in IPMSM

3.1 Control Scheme

Among the advantages of neural networks (NN) are the
ability to learn nonliear mapping, the rapidity of response,
and robustness. The quick response time of the NN makes
All these
characteristics make the NN suitable for application

their computation time almost neglgible
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Fig 4 Control System for Loss Muunmization i IPMSM Drives

loss rmmimization strategy, especially in the case of the
mterior type PMSM due to the complexity of the derived
loss model given by equation (11). The control scheme to
implement loss mintmzation 18 shown 1n Fig 4. In such
scheme, a PI controller 1s used to calculate 1%, from the
difference between the torque command and the actual
torque. The wputs to the proposed NN are 1%, and the rotor
speed or The output of the NN 15 1d,,, which 15 used with
1%, to calculate the 3-phase currents, m current controlled
schemes, or the 3-phase voltages n the voltage-controlled
scheme

3.2 Neural Network Controller for IPMSM

The type of neural network (NN) developed mn this
work 1s the multi-layer perceptron The number of
elements 1n the hidden layer 1s arbitrarily chosen
depending on the complexity of the mapping being learnt
In order to mtroduce non-linearity into the network, a
hyperbolic-tangent transfer function “tanh”, is used in
mput and hidden layers’ elements All elements 1n the
output layer have lmear transformations. The Levenberg-
Marquadet algorithm 1s used to tram (adjust the weights
and biases) of the NN such that the sum squared error
between actual network outputs and corresponding desired
outputs 1s minmized Traimng 18 done according to an
existing mput/output pattern, This paitern 1s obtained from
the sumulation results of the described loss minimization
control strategy, 1e off- hine training This fraiming
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Sensor

method has the ment of fast learning Once the NN has
been tramned, the network output 61 is computed from
{nx1) mput vector X according to [12]:

8, = W2.tanh(W1 X +B1)+B2

where, W2 denotes matrix of connecting weights from
hidden to output layer, W2 denotes matrix of connecting
weights from mput to hidden layer. For a hidden layer
with “m” elements, B2 and B1 denote the “1x1” and
“mx1” bias vectors respectively The task of training 1s to
determine the matrices W1, W2 and bias vectors B1, B2,
After many tnals, a 3-layer feedforward NN with two
mput neurons, 2- lidden layer neurons, and one output
neuron gave the required error goal after few epochs. The
sum squared error as function of traming epochs 1s shown
m Fig, 5. The tramed output of NN, defined as NN 1s
compared with 1dop calculated from the condition of
rmimmum losses, and the results given m Fig 6 as function
of rotor speed. The shight difference between the two
values of current proves the accurate tracking of the
current value required for loss munumzation The g-axis
current component, as calculated from the PI controller, 1s
shown n F1g 7 versus rotor speed. The accuracy of NNy 15
further proved in Fig &, where the mmimum power loss
calculated from 1d,,, 18 compared with power loss resulting
due to application of NN; As shown the error 1s less than
0001% (0.1/118.9), 1e. applcation of NN leads to
efficient operation.
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In order to verify the fast response of the established
NN, loss mimmization controller, sudden step change m
the drive speed is imposed at constant load torque, and the
calculated power loss at this operating pomnt 1s plotted
versus time in Fig. 9(a), while the existing power loss after
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applying NNy controller 1s plotted mn Fig 9(b) for clarity.
The corresponding fast change mn the output of NNj as the
speed changes proves the fast response of the neural
network output, which assures that mummum losses are
obtained at different operating conditions This fact 1s
further proved by applying a step change of load torque
and plotting the expected power loss with that obtaned
after applymg NN;. Results shown m Fig 10 assures the
fast response of the designed NN;.

4, Loss Minimization Model of
Surface SPMSM

In the case of SPMSM drive, Ly =L =Ls, where L; 15 the
staior inductance. Hence, the ron loss equation (7)
reduces to

2 2
P = w2 [(A+LS 16d) +{Ls log) } IR, (13)
and the electric torque reduces to’
T.=15P 4 1 {14)

Addmng copper and 1ron losses and differentiating with
respect to 10d gives.

O, 1150 = 2| Rytg +(Ly @F )/ Re+(@ I3 10g)R; | (15)

Equating (15) to zero leads to the following expression
for the optimum d-axis curtent at a given speed and
torque:

laop = (Ls 07 )RR, +of I2) (16)

5. Neural Network Controller for
Loss-Minimization in SPMSM

5.1 Control Scheme

Due to the simpler expression for optimal d-axis current
given in (16), and the independency of wdop on the g-axis
current component, the PI contreller used with [PMSM
drive 15 canceled. Instead the g-axis current 1s directly
calculated from the command torque, which 1s used as one
of the mputs of the neural network controller for SPMSM
drive (NNS) The simpler control scheme 13 shown 1 a
block diagram n Fig. 11

5.2 Neural Network Description

For fast and robust application of loss minimization
technique within the operating speed range, an off line
tramed feed-forward neural network, defined as NNS, 1s
designed for loss munimuzaiion in surface PMSM  The
mputs to the NNS are the drive speed, and the load torque
{(which determines the ¢-axis component of the stator
current) The outputs of the network are 1% and the
optimal value of d-component of stator current 1dop The
mput/output pattern used to train NNg 1s obtained from the
simulation results of the described loss mimimization
control strategy A 3-layer NN with two input neurons, 2-
hidden layer neurons, and two output neurons gave the
required error goal after few epochs. The sum squared
error as function of traming epochs 18 shown m Fig, 12.
The value of d- axis current output from NNy 15 compared
with 1d,, calculated from the condition of minimum losses,
and the results given in Fig. 13 as function of rotor speed
The shight difference between the two values of current
proves the accurate tracking of the current value required
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Fig. 11 Control Scheme for Loss Mmimization i SPMSM Dryves
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for loss minimization,

In order to verify the fast response of the established
NNg loss mimmzation controller, a step change of load
torque 1s applied to the SPMSM, and NNg output idop
plotted m Fig. 14 Resulis proves the fast response of the
designed NNg This fact 1s further proved by applying a
sudden step change of 30 rad/sec to the speed command at
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constant load torque, and 1dop output plotted versus time
i Fig 15 The corresponding fast change in the output of
NNy as the speed changes proves the fast response of the
neural network output, which assures that mimmum losses
are obtamed at different operating conditions

6. Maximum Efficiency Operation At id=0

6.1 Equation Derivation

To prevent the demagnetization of the permanent
magnets, the d-component of the stator current 1s set to
zero, and another approach 1s used to allow the PMSM to
operate with mmmum windmg losses.

This approach depends on vanation of the mverter
angle as the speed and load varies to achieve mmimum
lossest'!  To determme this optimum angle mn an
analytical manner, 14 18 set to zero m equations {1)-(3)
leading to the following voltage and torque equations

Vy=V,cos0 =Rty +wg A {(17)
Vg=-Vismp=-oLi, (18)
The electromagnetic torque 15 grven by.

T,=15 P 2 1, (19}
where, L = L, for IPMSM drive, and L =L, for SPMSM
drive

It 18 clear that with this constramnt, and for steady state

operation at a given load torque, the quadrature axis
current can be caleulated from (19), and used to optumze
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the mverter angle. From (17} and (18) 1t 1s given by
Pop = tan ! [(wv L toq ((Ry 159 + a)gl)] (20)

To study the range of the optimum verter angle gop as
the rotor speed 1s varied, ¢g, 18 plotted versus speed at
different values of load torque 1n Fig, 16. It 15 clear that
the optumum mverter angle 1s 1 the region of 0.5 t0 25
degrees!®! withm the operatmg speed range.

To prove the effect of the mverter angle of advance on
the drnive efficiency, the efficiency and electromagnetic
torque for =0, and for w=0,, are plotted versus speed in
Fig 17 Results show that a much higher torque and a
higher efficiency are obtained when @ 1s varied with speed
to follow the values of @, as given n (20).
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6.2 Comparison Between Maximum Efficiency
Operation Schemes

A comparison 1s done between the values of efficiency
obtained by flux weakening technique, and that obtained
by varying the inverter angle of advance in SPMSM Fig,
18 shows the developed torque and efficiency with loss
munimization scheme (Tel and effl), and de torque and
efficiency for optimum 1nverter angle operation (Te2 and
eff2). It 1s concluded that while the efficiencies are nearly
equal, the developed torque 1s slightly higher for the case
of optimum mverter angle operation. Therefore, since the
two investigated techmques for maximum efficiency
operation gave same results, seting the d-axas current
component to zero while varymg the optimum angle of
advance might be more economic to 1mplement, and more
safe from the pomt of view of magnet demagnetization.
Flux weakening 1s better used for hugh speed operation of
PMSM drives

1 T T T v T T

I ————
e —
" sifl and eff2

09t
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£
55307 - = Maxmum Posgible Torgue |
% __=Torque at Minumum Losses
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04r

03 ——
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Motor Speed (rac¥sec )
TFig 18 Torque and Efficiency with Loss mumimization
Techmque (Tel and effl), and Torque and Efficiency for
Optimal Inverter Angle Operation (Te2 and eff2)

6.3 Neural Network Implementation

For fast and robust application of optimum nverter
angle within the operating speed range, an off line tramed
neural network, defined as NN, 15 designed The mputs to
NN, are the drive speed, and the load torque (which
determines the g-axis component of the stator current)
The output of the network 1s the optimal value of the
inverter angle of advance ¢d,,. The wmput/output pattern
used to tram NN, 1s obtamed from the simulation results
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given m the previous section. A 3-layer NN with two mput
neurons, 2- hidden layer neurons, and one output neuron
gave the required error goal after few epochs In order to
verify the fast response of the established NN, maximum
efficiency controller, a step change of 02 N m .n load
torque 18 applhed to the SPMSM, and NN, output
(optimum mverter angle), as well as the calculated 1nverter
angle are plotted in Fig 19. Results prove the fast

response of the designed NN 4.

7.Conclusion

In this paper, loss rmininization problem of nterior-type
permanent magnet synchronous motor (IPMSM) drive,
and surface-type permanent magnet synchronous motor
(SPMSM) drive has been mvestigated The proposed
method 1s based on flux weakening, where an expression
1s denived for the d-axis current component leading to
minimum copper and iron losses for both drives Thig 1s
followed by designing a neural network controller (NNC)
for each drive, to achieve loss mimmmzation at different
operating pomts Data for trammg the NNC 15 obtained
through off-hne sumulations of TPMSM and SPMSM at
different operating conditions The accuracy and fast
response of each NNC 1s proved by applying sudden
changes n speed and load and tracking the NNC output.

Also the PMSM drives efficiency has been investigated
when setting the d-axis current component to zero, while
varymg the angle of advance “ ¢ of the PWM mverter
supplying the drive An expression giving the value of ¢
that results m maximum efficiency at different operating
pomnts 1s derived. This 15 followed by designing a neural
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network to vary @ followmg the dertved control law The
accuracy and fast response of the NN controller 1s also
proved

Comparison 15 done between the dnve efficiency
obtained with flux weakemng, and the drive efficiency
obtained by setting “1,=0” control. Results proved that the
two methods lead to equal efficiencies This result are m
favor of the 10" control, smce 1t prevents magnet
demagnetization that may occur due to any maloperation

of the control system.
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