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Abstract— The subject of this paper is a comparative study
between two supply modes of a permanent magnet synchro-
nous motor (PMSM). The goal is to obtain a better effi-
ciency for a hydraulic pump drive system. The machine
(PMSM) is operated in vector control mode. The inverter is
controlled with a sinusoidal pulse-width modulation
(SPWM) technique. The study will allow to increase the root
mean square (RMS) of the voltage and hence speed, avoid-
ing over-modulation. The comparison is also made between
third harmonic injection and over-modulation.

L.

Renewable energy sources (RES) in most cases provide
variable power. To operate efficiency, a pump driven by a
PMSM supplied from RES will operate at variable speed.
However, RES requires the introduction of an energy stor-
age system (batteries, super-capacitor, flywheels or
pumped storage).

Induction motor based pumping systems can obtain sat-
isfactory efficiency at variable speed. For this, several
methods have been considered to control the drive [1]. In
practice, they use different motors and are designed to
increase the performance. These applications were made
to obtain a better overall efficiency [2, 3]. Various solu-
tions of modern inverters have been applied for the same
purpose [4].

An application at variable load requires precise control
of speed and a good dynamic response. The drive can op-
erate in semi-closed or closed loops control. For this, it
requires a performing control algorithm, which sometimes
increases the price of the entire equipment. It is very im-
portant a good dynamic speed and torque response. Syn-
chronous resolver or optical encoders are used to measure
the speed and rotor position. There are three control loops
functioning simultaneously, to achieve: speed control,
torque control and rotor positions control of the pump
drive [5, 6].

This paper explores the possibility of improving effi-
ciency by using a PMSM.

In this case, the adjusted control variable in the speed of
the motor (w,). This is compared with a reference value
(o,*). The error obtained is applied to a proportional inte-
grator (PI) controller. The controller will ensure zero error
in steady state regime. The output value of the speed con-
troller is the stator current vector (ig*). The result is com-
pared with the measured value and applied to a current
regulator, a PI controller. The result will give the refer-
ence voltage, which is applied to the voltage controlled
inverter [7].

INTRODUCTION
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Speed is controlled by electromagnetic torque. Torque
is controlled by the active component of the current. D-q
axis current are controlled by the voltage closed loop. The
control algorithm has to compensate the coupling between
the two axes and the component due to induced electro-
magnetic force (emf) [8].

Fig. 1 shows the block diagram of the system in autono-
mous mode. The supply of the pump motor group can be
made from any RES. The converter ensures power transfer
between the autonomous micro-grid and the PMSM.
When energy demand is low, the extra electricity gener-
ated will be used to pump water from the in the upper ba-
sin. In periods when power consumption is high, the po-
tential energy of water from the upper basin will be trans-
formed into electricity [9].
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Fig. 1. Block diagram of the autonomous pumping system.

The paper is structured as follows: the second section
shows the drive control principle. Third section is dedi-
cated to the inverter control principle. The fourth section
describes the simulation results. The final section is de-
voted to conclusion.

II.

The Scalar control at variable speed of drives cannot
achieve performance of the vector control one. Through
the d-q model of the machine a simplified mathematical
model of the PMSM was built. Separating the control ac-
tive component (iy) from the reactive component (ig) two
control loops can be obtained: the reactive loop, which
allows the control of magnetic components (flux or stator
current) and the active loop, which allows control of me-
chanical components (position and/or speed of the rotor
and/or electromagnetic toque and stator current active
component ig).

The resulting air gap flux consists of a flux which is ob-
tained by pulsation (electromagnetic induction) and one
obtained through the rotor permanent magnetic field, con-
sidered constant.

DRIVE CONTROL PRINCIPLE
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A.  Current controller

Current regulator design requires knowledge of closed
loop transfer function. In the Fig. 2 a, b the block dia-
grams of PMSM in d-q coordinates are presented [10].
The PMSM equations presented given in d-q coordinate
system are:

u,=R -i,+L,-
, (D)
-7;’+a)-(‘Pd+‘PPM)

where Lg, Ly, ig, 1g, are the inductances and currents in d-q
frame, R is the winding resistance, ® is the angular veloc-
ity and Wg, g, Wpm are the stator linkage fluxes due load
and permanent magnet flux.

Fig. 2. Block diagram of PMSM in d-q axis.

The transfer function between component iy and input
voltage uy in d-axis is:
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Similarly the transfer function in q axis was obtained.
The ratio of the output size (I*) and input size (U*) de-
fines the transfer function (Y). The transfer function in d-q
frame can be rewritten as follows:

Kﬂ
Yy(s)=—7—
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where K, is the controller gain, T,.q and T, are the time
constants.

In the Fig. 3 a, b diagrams of closed loop power control
in d-q coordinate system are shown. If the d axis current
regulator has zero reactive components, then the flux cre-
ated will be that of permanent magnets. PI transfer func-
tion in axis d is:
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where Kj4, Tjq are the controller gain and time constant in
the d-axis.

In the same way the transfer function in g-axis was ob-
tained. The sampling period of the system is given by the
carrier signal frequency SPWM modulator. This is limit-
ing transistor switching characteristics of power inverter
to 10 kHz. This will result in a maximum sampling period
of 100 ps. The g-axis controller time constant is chosen
four times the sampling period [11].

L
K, =—=—,
4Ts

)

where Ty is the sampling period. Similarly the d-axis pa-
rameter was obtained.

B. Speed controller

The PMSM speed closed-loop diagram includes a filter-
ing block on the input of demanded speed (Fig. 4), which
compensates the speed overshooting.
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Fig. 3. Current loop of PMSM in d-q axis.

To design the speed controller transfer function the ref-
erence function is compared with the ideal one of the
same order.
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Fig. 4. Speed loop of PMSM in g-axis.

where T, is the time constant of the current loop and T, is
the compensator time constant.

In Fig. 5 is shown a block diagram of the PMSM drive
control. For the feedback loop, beside the winding cur-
rents, information about the position and the rotor speed
are available. This information is obtained by means of
the optical encoder. The outputs are processed to obtain
the angle and the rotor speed.
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Fig. 5. Block diagram of the PMSM drive.
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where Ky, K, are the PI speed controller gain constant.
The PI speed loop controller transfer function is:

os) [KKJ(TIIJ[KJJ G
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III. INVERTER CONTROL PRINCIPLE

In the Fig. 6 is shown a schematic diagram of power in-
verter-motor circuit.
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Fig. 6. Inverter-motor principle diagram.

A. Inverter control without third harmonic injection.

Sinusoidal reference signal is limited by the carrier.
When sinusoidal signal amplitude exceeds the amplitude
of the carrier signal over-modulation occurs. This phe-
nomenon allows higher harmonics appearance.

When the modulation factor is higher than one, then
control of the output voltage of the inverter cannot be
done. Therefore, the resulting voltage will be distorted by
harmonics.

Reference signal amplitude U, cannot exceed the am-
plitude signal Ug,. If such event occurs, the inverter will
go into over-modulation. The energy absorbed from the
power supply is not consumed properly. Modulated signal
on the three phases are treated separately. However, loss
of power increases, because of the high harmonics of the
PWM signal.

The load of the voltage inverter can be a three-phase
motor. Through the series inductance of the motor wind-
ing voltage PWM signal is filtered. For the resulting cur-
rent to be sinusoidal, line voltages must be sinusoidal. In
many power circuits, between the inverter and the motor
is attached a low pass filter. The filter role is to limit
higher harmonics generated by the PWM signal.

B. Inverter control with third harmonic injection.

When the modulation factor is high, the reference signal
is injected with the third order harmonic. This method is
appropriate to use DC power supply of the inverter. This
could increase the output frequency corresponding to the
same voltage and thus the hydraulic pump output. Injected
signal amplitude is 1/3 of fundamental component. This
will produce an output amplitude improvement by 15.5 %,
avoiding over- modulation [12, 13].

Third order harmonic injection is done by the load neu-
tral, ZSS (Zero Sequence Signal injection). Block diagram
of TRIPWM sinusoidal signal injected into neutral is
shown in the Fig. 7. ZZS signal is obtained from the sig-
nals of the three phase PWM through a power unit. The
signal applied to the PWM generator is composed from a
fundamental component and third harmonic component,

(Fig.8).
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Fig. 7. The computation block diagram of injected sinusoidal signal

The RMS value of the inverter output voltage can be
increased by adding third harmonic modulated signal [9].
Relationships calculations are:

p % sin(wt)+%-sin(3wt)}
u, =%~_sin(wt —23”j+é~sin(3a)t)} ' ®)
u, -2 sin[wt—Mj+]~sin(3a)t)}
| 3)76
Another method (TRIPWM) is Carrier-based PWM
with Offset Addition (Fig. 9). The offset addition PWM

scheme follows the same principle as that of third-
harmonic injection. This is reducing the peak of the modu-
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lation signal and hence increasing the modulation index.
The output voltage magnitude reaches the same value as
that of the third-harmonic injection PWM.
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Fig.8. Waveforms for the third harmonic injection.

Another technique consists in using triangular signal.
Triangular signal method is simpler compared to the in-
jected sinusoidal (Fig.10). Relationships calculations of
this method are:

U, = Uml : [Sin(wt)_ 0.5- (Umax + Umin )]
uy =U,, - [sin(ewr —272/3)=0.5- Uy +Upi )~ D)
u, =U, - [sin(@r —47/3)=0.5- Uy + Unmin )]

where U, is amplitude signal value and Uy, Upn are
Max {u,, up, u.} and Min{u,, up, u.}.
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Fig. 9. The block diagram of offset addition PWM.

The calculation method (ZSS) consists in determining
the minimum signal amplitude of the three signals modu-
lators. This signal is then scaled by 0.5 and is ZSS.
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Fig. 10. ZZS method by injecting a triangular signal.

Also, a comparison between the two methods described
above was made. By using them, it was found that the
efficiency of the studied system does not change. There-
fore, the first method was used.
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IV. SIMULATION RESULTS

The results were obtained using the scheme from Fig. 5,
which was modeled in Matlab Simulink. To simplify the
calculation, a linear speed reference feature was used (Fig.
11). Reference component in d-axis is zero. In table I are
presented the results obtained from simulation and rated
value for several PMSMs.

The SPWM algorithm does not allow full use of the
DC-link circuit voltage by the inverter. It can be seen
(Fig.11) how many per cent may be used in the DC-link
circuit voltage.

The characteristics shown in Fig. 12 were made consid-
ering the third harmonic injection. In Fig. 13 are shown
features without third harmonic injection Characteristic of
efficiency data were obtained from simulations made in
steady state.

TABLE 1. VALUES RESULTS

Rated Values Without third harmonic

P Uline Tiine Upc n f P Upc

(kW] | [Vl | [A] | [VI | [%] | [Hz] | [kW] | [V]
5.5 369 9.3 520 93 4359 | 3.64 | 86.36
15 360 26 508 94 | 4381 | 10.06 | 84.23
30 377 50 532 | 942 | 43.81 | 20.13 | 838.20
55 354 | 97.5 | 496 | 943 | 43.85 | 37.03 | 82.81
75 358 132 | 501 | 94.6 | 43.55 | 51.09 | 83.67

In table II are shown the results obtained for the 75 kW
machine. At low speeds the centrifugal pump efficiency is
low. By increasing the speed (frequency of motor) one can
see a consistent increase in efficiency. For high power
motor pump groups, increasing efficiency by one or two
percent is very important.

PMSM 75 kW
1000F ====~= ====-=-= ===== T===== = f
! with third harmionic order T Udc= 100 %
900 - - - - — - [ I IRE—
| | | T T
| | | Udcr= 83.67 %
800 - — - - - [ R
without third harmonic order | |
700 - - - - — -——=-- I—=— === e t - - -1
| | | | |
— 600 — — — — — - ——_ /1 I _ 4o 1
g 600 | | | | |
& | | | | |
g %00 —— - - - [ [ A [
15
2, | ( | | |
A 400 — - - -~ === === == = - = 4= === T ===
| | | | |
300 — — — — — [ A [ I _ 4o 1
| | | | |
| | | |
200 - -~ ~ o [ [
| | | | |
100 -/~ - —-1—-— - - - - == === {———— - 4= === t === =7
| | | | |
0 I | | | I
0 2 4 6 8 10 12

Time [s]

Fig. 11. Characteristics of speed depending on time

The data from the tables were obtained using the fol-
lowing steps:
1. Motor shaft torque and mechanical power were
determined for each speed by measurements in
Matlab Simulink model of the motor.
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2. Then the currents, voltages and active power In the third order harmonic injection method case the
were measured in Simulink. effective value of the voltage will be higher by 10-17 %.
The efficiency is increasing by 3.27 % (Table II). As a

3. The power factor was computed using the  yeqult the voltage of the DC circuit can be used com-
above measurements. pletely.
4. The electromagnetic power was computed. The red line in Fig. 13 shows up where the PMSMs

without injecting third harmonic could be used. When the
third harmonic injection was made, at speed over 50 %,
efficiency does not increase very much.

5. The difference between the active power and
the electromagnetic power are gives the stator
losses (electrical and magnetic losses). In the
computation the optimal working temperature
75 °C for PMSM was considered.

6. Once stator electrical losses obtained magnetic
losses were separated. By using the above re-
sults, the mechanical losses were computed.

The results were determined for PMSMs with power
ranging from 5.5 to 75 kW.

©
N

Efficiency [%]

TABLE II. PMSM 75 KW

Without third harmonic With third harmonic

f U rms i f Ua rms 2 An
[Hz] [V] [%] [Hz] V] [%] [%]

Speed [rpm]

4.297 17.05 67.148 5 19.84 | 70.423 3.27
8,594 34.143 80.191 10 39.74 82,427 293 Fig. 13. Characteristic without the third harmonic injection.
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