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Abstract—This paper proposes the novel control method for
a monoinverter dual parallel (MIDP) drive system with interior
permanent magnet synchronous machines (IPMSMs). It includes
maximum torque per ampere (MTPA) control to elevate drive ef-
ficiency and active damping control to alleviate inherent stability
problem of an MIDP motor drive system. Due to the combination
of reluctance and electromagnetic torques, the d- and g-axis cur-
rents of IPMSM are coupled unlike those of induction and surface-
mounted permanent magnet machines. For this reason, MTPA
and active damping control of a MIDP IPMSM drive system are
far more complex than those with nonsalient motors. In this pa-
per, model-based mathematical analysis about MTPA and active
damping control for MIDP IPMSM drive system are provided.
Experimental results with two 1.6-kW IPMSMs are presented to
verify the proposed algorithm.

Index Terms—Active damping, interior permanent magnet
motors, maximum torque per ampere, parallel motor drives, vari-
able speed drives.

1. INTRODUCTION

ARALLEL-connected motor drive configurations have
been researched as a cost saving solution for multimo-
tor drive systems, such as fan, pump, electric traction, conveyor
belt, and rail way propulsion. The previous studies are mainly
concentrated on a parallel induction machine (IM) drive system
because IM has been utilized by grid in parallel. Moreover, IM is
relatively easy to control in parallel thanks to the slip [1]-[4]. As
permanent magnet synchronous machines (PMSMs), however,
have been widely used thanks to their high power density and ef-
ficiency, studies about dual parallel PMSM drive system which
is shown in Fig. 1 were accomplished by several researchers
more recently [4]-[10]. Average current control method [5],
mean and differential currents control method [6], predictive
control method [7], weighted current control method [4], [8],
and master and slave control method [9], [10] are the representa-
tive control methods for the monoinverter dual parallel (MIDP)
motor drive system.
Previous researches also proved that the current reference
should be differed with the case of the typical single motor
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Fig. 1.

drive system [11]-[16] due to the torque difference between
the motors, and they provided appropriate maximum torque per
ampere (MTPA) methods for the MIDP PMSM drive system
[6], [7], [10]. In [10] and [17]-[19], the instability of the MIDP
PMSM configuration was presented and the active damping
control method to stabilize the system was presented in [10] by
Lee and Ha. They also analyzed the torque capability and low-
speed instability problem of the MIDP surface-mounted PMSM
(SPMSM) drive system in [17]. In [18], the singularity problem
of the MIDP motor drive system is analyzed. The transfer func-
tion of parallel-connected motors is derived in [19]. Study on
open-fault problem for the MIDP SPMSM drive system is also
conducted by Chhun et al. [20].

All the researches about the MIDP PMSM drive system, how-
ever, have been focused on SPMSMs. It is mainly owing to the
simplicity of SPMSM comes from the nonsalient structure. Es-
pecially, the nonlinear MTPA characteristic of interior PMSM
(IPMSM) is considered as the biggest encumbrance as shown
in Fig. 2. For this reason, it is relatively difficult to decouple the
torques of the two motors in a parallel IPMSM drive system.
However, IPMSMs are more widely utilized in many appli-
cations, including traction systems, thanks to their advantages,
such as high efficiency, constant power speed ratio, and overload
capability [21]-[26]. Thus, there has been necessity of MIDP
drive system with [IPMSMs.

This paper presents the control methods for the MIDP IPMSM
drive system including MTPA and active damping control for
the first. Proposed control methods are analyzed with the master
and slave control method presented in [10]. The MTPA solution
is derived for efficient drive of the MIDP IPMSM drive system
and implemented using an iterative convergence method. This
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paper proposes the decoupled active damping control method
for the MIDP IPMSM drive system and examines the feasibility
of the proposed active damping control through experiments.

The rest of this paper is organized as follows. Section II gives
the MTPA control method for the MIDP IPMSM drive system.
Section III provides the active damping control method to sta-
bilize the system against load change or mechanical oscillation.
The designed controller for the proposed system is described
in Section IV. Section V gives experimental results as a veri-
fication of the proposed control methods. Finally, this paper is
concluded in Section VI.

II. MTPA CONTROL

For the MIDP SPMSM drive system, MTPA control is rela-
tively simple because SPMSM has only electromagnetic torque
which is proportional to the g-axis current [10]. IPMSM, how-
ever, has both of the electromagnetic and reluctance torques
due to the saliency. Thus, it should be considered in the MIDP
IPMSM drive system that the d-axis current also can produce
the torque.

The terminal model of IPMSM and the torque generated by
IPMSM, T., can be depicted as

Vdk Rs —Wy Lq idk O
- T+ (1)
Vqk Wy Ld Rs gk Wr)\f
3 ny,

—— [)va + ALidk] tgr = K Kepig )

where R, is the phase resistance, w, is the electrical rotating
speed, A s is the permanent magnet flux, Lq and L, are the d- and
g-axis inductances, iq and i, are the d- and g-axis currents,
and vy and vy, are the d- and g-axis voltages. Subscript k
represents master and slave motors with 1 and 2, respectively.
n,, is number of the poles, AL is Ly — L,, K; is 0.75 n,, and
ch is )»f + ALidk,.

Because the two motors are connected in parallel, voltages
applied to the motors are identical. It can be represented as

2 _ 2 2 2 2
Uy = Ugp + Uy = Vga + Uy 3
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TABLE I
PARAMETERS OF THE MOTOR

Quantity Symbol  Value Unit
Number of pole ny 6 -
Phase resistance R 0.55 Q
d-axis inductance Ly 4.27 mH
g-axis inductance L, 6.55 mH
Rotor flux linkage Ap 0.078 Vs
Rated speed - 4000 r/min
Rated torque - 4 N-m

where v, is the amplitude of output voltage from inverter. It can
be represented as

d (%211 - 2?12) + Z4 (131 - 132)

+ 2w, RyAL (idliql — idziqg)

9 (Ta1,7a2,79q1,9g2) =

+ Qw,w)»f [wTLd (idl — idQ)
+ Ry (ig1 —ig2)] =0 4)

where Zy = w? L} 4+ R? and Z, = w; L} + R?.The parameters
and speeds of the two motors are assumed to be identical to ease
the analysis.

The MTPA current can be calculated by using the method of
Lagrange multipliers and can be formulated as follows:

. . -9 -9 _ -9 -9 -9 -9
Minimize @5y + @50 = i3 + iy +igg + 10 (5)

ﬂﬁl = Kthliql
subject to Too = Ky Keolgo . (6)

g (Ga1,%42,791,942) =0

From (5) and (6), the Lagrange function is defined as

f(idl7iqlaianiq27)"1;)‘25)‘3) =
.2 .2 .2 .2 A . . . . 7
Gy + g1 gy + g + A1g (a1, a2, g1, 7g2) @)

+)\2 {Tel - Kthliql} + )‘«3 {TeQ - KtKCQiQZ}

where A1, Ao, and A3 are Lagrange multipliers. MTPA condition
is satisfied when all partial derivatives of (7) are zero. Among
the seven partial derivatives, three partial derivatives about
Lagrange multiplier are identical with (6). Remained four partial
derivatives can be depicted as

0
an = 2ig1 + 20 [Zgigy + RyALw,ig + Lahsw?]
dl
— 2K ALig ®)
of . _ )
e 2ig1 + 22 [Zyig1 + RsALw,ig1 + Rk yw, ]
1q1

— KK (€))
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0
a,—f = 2igy — 2\ [Zaigz + ReALw,igs + Lahsw? ]
2d2 ’
— A3 K ALigo (10)
of ) . )
- = 21(12 — 2)\.1 [quqg + RSALOJTZ([Q + R,;)\.fwT]
B’ng ’
— A3 K Koo (1)

From (8)—(11), relationship between the four currents can be
derived as

Ai% 4 Bigt +C =0 (12a)
e AL (de;wz — Ay Zeias + 3hf Zgigo )
+2ALZ4i% — ALZqi%, — ALZyi2,
(12b)
2 Zeias — 4hy Zaias — Ladjw;
B =iy (324 — Z¢)i%y (12¢)
- +(Ze =220 — Z,) 2
C=AL[AL(Zy+ Zy) i}y — Lakjw;] iy
+ [ALAs (224 — Ze + Zy) gy — Ladjw; ] g
— 20LP Zyit sy + LaALM WP (i0) +isy) (12d)

where Z, = w?LyL, + R2.

The relationship between MTPA currents can be obtained by
using quadratic formula. Between the two solutions, one with
minus sign gives reasonable solution for an MTPA condition.
Thus, the optimal solution for the MIDP IPMSM drive system
can be depicted as

. —B —+/B?% - 4AC
1d1,MTPA = 94 . (13)

When it is compared to the MTPA solution of the MIDP
SPMSM drive system in [10], it is much more complex due
to the saliency. Fig. 3 shows the numerically achieved optimal
current trajectories of the MIDP IPMSM drive system. System
consists of the two 1.6-kW IPMSMs of which the parameters
are listed in Table I. The rotating speed of motors are 4000 r/min
and output torque of slave motor is increased from O to
4 N - m, while output torques of master motor in (a) and (b) are
4 and O N - m, respectively. For the initial state, the torque dif-
ference between the motors is positively maximum in Fig. 3(a).
By injecting the negative d-axis current to the master motor,
the positive d-axis current is induced to the slave motor due to
the torque difference. Due to the large torque difference, each
motor is operated at R and S, respectively, far from the MTPA
trajectory of single IPMSM. As the torque difference is reduced,
the required negative d-axis current on master motor is also re-
duced. When the output torques of two motors are identical,
additional injection is not required and both motors are oper-
ated at P, MTPA point of single IPMSM. On the contrary, the
positive d-axis current is required when the output torque of a
master motor is lower than that of the slave motor, as shown
in Fig. 3(b). The higher the torque difference is, the further
MTPA points become from MTPA trajectory of single IPMSM.
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Fig. 3. MTPA trajectories of master and slave motor of the MIDP IPMSM
drive system and single IPMSM according to the variance of 7,5 from 0 to
4N-mwhenT,.; is(a)4 N -mand (b)ON - m.

Finally, these diverge from O to S and R, respectively. Although
the MTPA trajectories of the MIDP IPMSM drive system seem
like far from MTPA trajectory of a single drive system, these
trajectories are the best operation points for the given operating
condition.

Fig. 4 shows the root sum square of currents, 4,5, for three
different operating methods: proposed MTPA algorithm, MTPA
operation only for the master motor, and individual MTPA op-
eration by two independent inverters. The conditions are same
with that treated in Fig. 3. As shown in Fig. 4, i, of the MIDP
motor drive system is higher than that of the individual drive
system because MTPA operation of each motor is not secured.



7080

with MTPA operation:
Trgs for master motor

[4]

with proposed
MTPA algorithm

K— individual drive |
0 05 1 15 2 25 3 35 4
T, [Nm]
(a)

i with MTPA aperation

12+ : : i for master motor
: with proposed ,v'/ :

10 poeeeeet ; MTPA algorithm K]
’ : 4 o

L N

¢ individual drive |

sy

(4] 61 "

| T SO ENeC SRR MEUTE: SN SR

0 {JiS ‘I lI.S 2 2I.5 ; 3‘.5 4
T.. [Nm]
(b)

Fig. 4. ;s according to the variance of 7¢9 from 0 to 4 N - m when 7,1 is
(a)4N-mand (b)ON - m.

0.6
P2 (i, igr) = (10.48, -3.0)
0.4 o
aT. 02t O : (i igg) = 10,0)
af.n:
[Nmid] (|
021
-0.4

2.5 -1 05 0 05 1 15 2
Oy [rad)

Fig. 5. Transfer functions of an active damping control.

The increments of i, are 5.69% and 14.78% in maximum for
the graphs with and without proposed MTPA algorithm when
the torque difference is maximum. As shown in the figure, out-
put current is maximized when the rated torque is generated by
both motors. Because the additional current is not required in
this condition, the current rating of the inverter can be designed
as two times of the conventional single motor drive system.

III. ACTIVE DAMPING CONTROL

As presented in [10] and [19], parallel-connected syn-
chronous machines suffer from inherent instability problem.
System with parallel-connected synchronous machines has
second-order transfer function with one zero at origin. It has
very low-damping characteristic with mechanical loss. Due to
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the low-damping characteristic, Q-factor of the system becomes
very high and overshoot is observed at resonance frequency. It
can destabilize the system and break the synchronous oper-
ation. Although most of the instability problem occurs when
rotating speed is close to oscillating frequency, it can happen
for entire speed range due to the subharmonics and disturbance
from external load. In [19], it is solved by the parallel-connected
small independent inverter. In [10], active damping control using
d-axis current is proposed for the MIDP SPMSM drive system.
Such damping control increases the system damping coefficient
and helps the system sustain synchronous state. In this section,
the active damping control method for the MIDP IPMSM drive
system is proposed to alleviate the instability problem.

In [10], only d-axis current is selected as control factor of
the active damping control for the MIDP SPMSM drive system
because d-axis current is not related to the torque generation.
By eliminating extra torque to the master motor from active
damping current, it is possible to decouple the torque of the
master motor from active damping control. In the same man-
ner, this paper relieves the instability of the MIDP IPMSM
drive system by injecting damping current along the constant
torque curve. From (2), the slope of the constant torque curve of
the master motor for the given torque can be calculated as

dijg  ALiy
8idl B K(:l

Similar to [10], the generated torque from active damping
current differs according to the angle difference between two
motors. Thus, the direction of the generated torque should
be calculated to decide the injecting direction. For the given
voltage from the inverter, the relationship between each motor

voltage can be represented as

Vg2 | | cosby sinfy | | vg1

Vg2 | | —sinby  cosby | | v
where 6, is electric angle difference between two motors which
is defined as Ay — ;. From voltage equations of motors and

(15), current relationship between two motors can be depicted
as

. (14)

s)

[z}zg} _ cost [z:dl] | siny [w RAL Z,
a2 tal Ze | —Za —w, RyAL
lan | _wrkr fog o Lqwr
) qu] Z: {(1 cosﬁd) .
. —R,
*m%hwj} (16)

With (14), torque variation of a slave motor by the variation of
141 can be depicted as

0T, . OT,9 ([ Oigo Jigo Biql
digy  Oigs \ i1~ Oig1 i
OTey ((Oiga  Oigo Oig
— 4+ ———— . 17
+mﬂgm Dig: Dias a7
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In (18a), the first term is the most dominant among the four
trigonometric terms in the right side. Thus, it is possible to con-
sider that characteristic of the active damping control is similar
with that of the MIDP SPMSM drive system [17]. With the pa-
rameters listed in Table I, (18a) can be illustrated as Fig. 5 when
the master motor operates at P and O in Fig. 3, respectively. As
shown in the figure, the graphs show the rough sinusoidal func-
tion with harmonics as expected. As depicted in (18c), amplitude
of the second-order harmonic term increases as 7,1 increases.

iy [A]

Fig. 8.
method.

Operating principle of MTPA point tracking by iterative convergence

For this reason, transfer function at P is more nonlinear than that
of O. Nevertheless, the active damping control can be easily ap-
plied to the MIDP IPMSM drive system because the function is
approximately negative sinusoidal and the sign of the function
shows odd characteristic.

IV. CONTROLLER DESIGN

The entire controller for the MIDP IPMSM drive system is
shown in Fig. 6. The controller consists of a master motor con-
troller and a slave motor controller. In the master and slave
control method, speed of the master motor is controlled by the
closed-loop controller. The proportional-integral (PI) regulator
is adopted for the speed controller. The generated torque refer-
ence is converted to the current references based on the MTPA
current reference from the MTPA reference generator. Then, the
active damping currents are added to the MTPA references. The
resultant current references iy, and i, are also regulated by PI
regulators. The generated voltage references from current con-
trollers vy, and vy, are transposed to the stationary reference
frame according to the angle of the master motor and modulated
by an inverter.

The slave motor controller consists of the MTPA reference
generator and the active damping controller. Fig. 7 shows the
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Fig. 12.  Phase currents and their amplitude (a) without MTPA operation and
(b) with MTPA operation.

control block diagram of MTPA reference generator. MTPA
reference generator calculates i) y;rpa based on i41, 742, and
iq2 as depicted in (13). The MTPA reference generator is
operated by the iterative convergence method [27]. Fig. 8 shows
the principle of the proposed MTPA reference generation using
iterative convergence method. Here, rotating speed is 4000 r/min
and 7.7 = 4 N - m. The blue solid line shows the numerically
achieved MTPA trajectory on d-axis current plane according to
the 71,5 from O to 4 N - m. Although the g-axis currents are
injected according to the torque condition, only d-axis currents
are displayed in Fig. 8 for simple illustration. The dot dashed
green line is numerically achieved operating curve when 7,9 =
2 N - m. Due to the voltage constraint, (4), operating curve for
the given two torque conditions can be achieved. The dashed
green line is calculation result of (13) from corresponding op-
erating point in operating curve. The gray solid line is identity
line which has unity slope. As shown in Fig. 8, M is the operat-
ing point where the sum current is minimized. If the system is
operated at E, iy \;rp, becomes F and operating point starts to
move toward H, the corresponding operating point for G. As op-
erating point moves toward H, H also moves toward M because
corresponding i, \;rp, moves toward N, simultaneously. When
the system reaches M, i4; of the operating point becomes con-
sistent with corresponding % y;ppa - Thus, system can stay on
M. In this manner, system can follow MTPA point consistently.

This method has several advantages compared to the bisec-
tion method proposed in [10]. It requires much lower calculation
burden despite complicate coefficients because it does not re-
quire multiple dividing operation and multiple loop calculation.
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It is also more robust to the parameter variation than the previ-
ous method because it utilizes the feedback current information
from real operating curve instead of expected from parameters.

Iterative convergence method is also robust against the pa-
rameter difference between the motors. Because the proposed
MTPA solution is calculated based on the assumption that
the motors have same parameters, MTPA algorithm need to
be robust against the parameter variations for the practical
applications. Parameter variation of the proposed system can
be classified into the master and slave motors. Although the
parameter variation of the master motor can affect both the
master motor and MTPA controller operation, it can be solved
by conventional methods, such as premeasured parameter table
or online parameter estimation method. Then, the parameter
variation of the slave motor can be considered as parameter
difference between the motors. For the analysis, the numerical
analysis is accomplished for the various parameter differences
(£30% Ay, Rs, Lq, Lg). Throughout the simulations, the
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difference of .4 between real MTPA point and tracked point
by the proposed method is negligible and lower than 1%. Fig. 9
shows the difference of 7,ss between real MTPA point and
tracked MTPA point under the £30% inductance variation when
T.1 = 4N -mand 7,5 varies from 0 to 4 N - m. Solid and dashed
lines indicate the positive and negative variation, respectively.
As shown in the figure, 7, With the proposed method is almost
same to the real MTPA point in spite of the 30% parameter dif-
ference, and it also shows that the proposed algorithm is robust
for the various speed condition. It proves the robustness of the
proposed algorithm against the various parameter variations.

Active damping controller generates active damping currents
from the speed and angle information of the motor as shown in
Fig. 10. It consists of proportional (P) regulator to eliminate the
dc component of the output because it can deteriorate the MTPA
operation. Generated damping torque reference is converted to
active damping currents according to the angle difference infor-
mation. As described in the previous section, output torque from
the active damping current is highly related to 6, as shown in
Fig. 5. Due to the high nonlinearity, it is difficult to linearize the
active damping controller. Thus, the saturation model is simply
adopted as a linearization function. Although the sign function,
saturation model with infinite slope, is ideal for torque genera-
tion, certain level of slope is required to prevent abrupt current
changing around zero 6, similar to [10].

Because both controllers generate current references, con-
trol frequency separation is required to prevent the interference
between controllers. The fast dynamics are not essential for
MTPA operation but for active damping control to suppress
high-frequency oscillation and torque disturbance. To satisfy
these design guidelines, LPF is applied to the MTPA reference
generator to reject the high-frequency components, as shown in
Fig. 7.

In our experiments, the oscillating frequency varies from 10
to 20 Hz according to the operating condition. Therefore, the
cutoff frequency of the LPF is determined at 5 Hz to atten-
uate oscillating frequency. Because MTPA reference genera-
tor and active damping controller generate current references,
current controller should can regulates the current references
without phase lagging for stable operation. Thus, bandwidth of
the current controller should be ten times or more high than
system oscillating frequency. Control frequency also should be
high enough so that current controller can have enough con-
trol bandwidth. Speed controller with low control bandwidth is
also desirable to avoid the interference with the active damping
controller. When the system does not have the speed sensors,
speed observers are required for speed control, MTPA opera-
tion, and active damping control. Especially, the active damping
control requires relatively high control bandwidth. Thus, speed
observers with high bandwidth are essential for competent ac-
tive damping performance.

V. EXPERIMENTAL RESULTS

To verify the validity of the proposed control method for
the MIDP IPMSM drive system, experiments with 1.6-kW
IPMSMs are accomplished. Fig. 11 shows the experimental
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setup for demonstration. Intelligent power module PS21A7A
manufactured by Mitsubishi Electric Co. is utilized as an in-
verter. Four ACS709 current sensors manufactured by Allegro
MicroSystems, LLC are used to sense the phase currents of the
motors. TMS320C28346 manufactured by Texas Instruments,
Inc., is utilized for digital control. Inverter system is powered
by dc power supply with 300 V.

Fig. 12 shows the phase currents and their amplitudes of each
motor without and with MTPA operations at the rated speed.
0 and 3 N - m are loaded to master and slave motors by load ma-
chines, respectively. Due to the frictional and windage losses,
actual torques generated from the test motors are higher than
torques absorbed by load machines. Although the odd harmon-
ics are contained in the current waveforms due to the harmonics
in the electromotive force, the fundamental component can be
compared. As displayed in Fig. 12, 7, is reduced from 14.15 to
12.78 A thanks to the proposed MTPA operation. Although the
master motor current is increased, the amplitude of the entire
current is reduced because the slave motor current which takes
dominant portion in the entire current is reduced. The decre-
ment in 2,55 18 9.68% for the demonstrated experimental result.
As simulated in Fig. 4, decrement of 4,44 is reduced as torque
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Master motor step load response of the MIDP IPMSM drive system. (a) Entire sequence. (b) Zoomed waveforms of master motor step unloading and

difference is reduced. Thus, it is possible to expect that the
decrement ratio of 7,4 also will be reduced for the partial-load
condition.

To clearly demonstrate the accuracy and superiority of the
proposed MTPA reference generating method, 7,55 is measured
for various operating points by sweeping current references.
Fig. 13 shows the currents of each motor in the synchronous
reference frame and 7,4 with three current reference generating
methods: MTPA operation only for the master motor, manual
current sweeping, and the proposed MTPA algorithm. In this
experiment, motors are regulated at the rated speed. The exter-
nal loads from load machines to master and slave motors are 3
and 1 N - m, respectively. In the first stage, the master motor is
controlled at MTPA point of only itself. The proposed MTPA
reference generating algorithm is engaged after the manual cur-
rent reference sweep to i4; of —10 A. Without the proposed
MTPA algorithm, ¢4, is controlled by —2.7 A and the resultant
irgs 18 12.6 A. With the proposed MTPA algorithm, i4; is con-
trolled by —6.4 A and resultant 7,5 becomes 12.0 A. When it
compares to the minimum 4, point of the manual operation
stage, the difference between the optimal 74; and the generated
141 reference from the proposed MTPA algorithm is 0.6 A and
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the difference of the resultant 7, is 0.2 A. This calculation error
comes from the parameter difference between the motors. The
difference can be caused by many reasons including magnetic
saturation, manufactural tolerance, and temperature difference.
The further studies considering such nonideal factors should be
conducted for precise MTPA operation.

Fig. 14 shows the experimental waveforms of the MIDP
IPMSM drive system with and without the active damping con-
trol. The motors rotate at 1000 r/min with 3-N - m load torques.
As shown in the figure, system retains the stability and constant
current state thanks to the active damping control. Although only
the d-axis damping current is depicted in the figure, the g-axis
damping current is also injected along the constant torque curve.
As soon as the active damping controller is turned off, the system
started to diverge even without external load variation due to the
inherent instability. Thus, it proves that the active damping con-
trol is essential to synchronize and stabilize two parallel motors.

Figs. 15 and 16 show the dynamic responses of the proposed
control method against step loads. The experiments are
accomplished under the rated speed and loads of 2 N - m are
loaded by load machines in the nominal state. The external
torque of 1 N - m is loaded and unloaded in step form for 2 s

i damp [1A/diV] it [1AMdIV]

i AT ANNAN VA § NN —

Time [1 00m s;-fdiv] "-f:-drwrr [0.5A/div]

i domp [0.5A/div]

(b) (c)

Slave motor step load response of the MIDP IPMSM drive system. (a) Entire sequence. (b) Zoomed waveforms of slave motor step unloading and

each with 2 s of the interval. The step load responses of master
and slave motors are displayed in Figs. 15 and 16, respectively.
Figs. 15(a) and 16(a) show the waveforms of the entire sequence
and (b) and (c) of Figs. 15 and 16 show the zoomed waveforms
of unloading and restoration sequence, respectively. In the
steady states, the currents and angle difference are changed
according to the MTPA reference generator to minimize the
currents. In the transient states, the system retains the stability
against the step load thanks to the active damping control.
The oscillations from the underdamping characteristic of the
MIDP PMSM drive system are observed [19]. The settling
performance varies according to the operating condition
because the characteristic of the MIDP IPMSM drive system
varies according to the angle difference between the motors.

VI. CONCLUSION

In this paper, the control method for the MIDP IPMSM drive
system is proposed. The proposed MTPA and active damp-
ing control methods for the MIDP IPMSM drive system are
mathematically analyzed under the assumption of the constant
and identical machine parameters. MTPA operating point of a
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MIDP IPMSM drive system is derived through the method of
Lagrange multipliers and implemented through iterative con-
vergence method. The experiments verified the effectiveness
and preciseness of the proposed MTPA algorithm. As shown
in the experimental results, 7,5 is reduced about 10% with
the proposed MTPA control. The inherent instability problem
in parallel-connected synchronous machines is resolved by the
proposed active damping control. The active damping controller
is designed through analyzing current relationship between two
motors. The necessity of the active damping control and the
enhanced stability of the proposed system are verified through
the experiments.
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