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Abstract: The uncontrolled rectifier and controlled rectifier which use fixed switching
frequency control strategy are applied usually during the working of a high-power high-
speed permanent magnet generator (HSPMG). Even for the controlled rectifier, it will
generate harmonics. The electromagnetic performance of the HSPMG is also affected by
these harmonics. In this paper, the influences of the fixed switching frequency control
strategy on a HSPMG were studied. Based on the Fourier theory, the harmonic currents
of the generator were analyzed, and the change of harmonic distribution range and current
total harmonic distortion (THD) were obtained. By using an indirect field-circuit coupling
method, the influences of the fixed switching frequency control strategy on the losses
and torque of the generator were analyzed. The relations between the switching frequency
and the losses and torque of the generator were obtained, and the change mechanism of
the loss was revealed. The obtained conclusions can provide reference for the optimized
choice of the switching frequency of the distributed generation system with the HSPMG.
It can also provide support for the HSPMG electromagnetic structural optimization and the
optimization of the loss and harmonic on the system level.

Key words: high speed permanent magnet generator, controlled rectifier, electromagnetic
field, switching frequency

1. Introduction

The distributed generation which is based on HSPMG driven by a micro gas turbine has not
only small size, little noise and high power density of HSPMG, but also high efficiency, little
pollution, simple structure, low construction and maintenance costs of the micro gas turbine
system [1-3]. The distributed generation can also improve the reliability and efficiency of the
power system. So it has a wide range of application and receives extensive attention.
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The speed of the HSPMG can reach tens of thousands of revolutions per minute in the
normal state, and the frequency of the output electric energy is thousands of Hertz, in gen-
eral [4-5]. The rectifier is necessary in this kind of distributed generation. Both uncontrolled
and controlled rectifiers are nonlinear devices, which will lead to the system that has a large
amount of a harmonic current on an AC side. The harmonic will cause a lot of harm to the
HSPMG. The effects of an uncontrolled rectifier on the electromagnetic field and temperature
field of the HSPMG were studied, and some useful conclusions are obtained to optimize the
HSPMG in References [6-7]. The influences of the driving circuit switching frequency on the
losses of windings and magnets were analyzed, and some useful conclusions were obtained in
Reference [8]. But the analysis of other permanent magnet motor operation performance and the
optimization of switching frequency were not involved. The influence of switch control strat-
egy on the permanent magnet motor core loss was studied in References [9-12]. The analysis
of high speed permanent magnet motor loss was investigated under different control strategies
in References [13—16], and the advantages and disadvantages of different control strategies are
discussed. Though some researchers studied the influence of the control strategy on a high speed
permanent magnet motor, these studies only focused on the losses of a low-power motor. And
the study on the influence of rectifier switching frequency on the operation performance of a
high-power high-speed permanent magnet generator is few, the study of its influence mechanism
is fewer.

In this paper, taking an HSPMG driven by a micro gas turbine as an example, based on
the theory of motor transient analysis and the Fourier theory, the influence of the different
rectifier switching frequency on the generator harmonic current is analyzed. Since the direct
field-circuit coupling method is very time-consuming, the indirect field-circuit coupling method
is used to analyze the influences of the different switching frequency control strategy of a rectifier
on the electromagnetic field of the generator in this paper [17]. Its influence mechanisms are
revealed, and some useful conclusions are obtained. These conclusions not only can provide a
useful reference and theoretical basis for the switching frequency selection of the rectifier in
the distributed generation system, but also can provide reference for the optimization of the
HSPMG, as well as the system level harmonic optimization and loss optimization to prevent a
demagnetization fault.

2. Models in the analysis process

The studied object in this paper is an HSPMG. The back winding structure is used to shorten
the length of the stator end windings for a stator armature winding, as shown in Fig. 1 [18]. The
generator cooling system is the closed oil cooling system. The stator slots and back windings
space are cooled by oil, and oil filling rings are placed in the air gap. Sleeve material is made
of austenitic retaining ring steel (50Mn18Cr5). The permanent magnet (PM) is SM-26U. The
PM has a remanence (Br) temperature coefficient of —0.03% K~!, and the electrical conductivity
is 1.2 x 10% S/m [6]. A sectional ring type is used as the magnetic pole structure. The basic
parameters of the HSPMG are shown in Table 1.
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Table 1. Basic parameters of the HSPMG

Parameter name Value Unit Parameter name Value Unit
Rated power 117 kW Sleeve thickness 5.5 mm
Rated voltage 670 \Y Single conductor diameter 0.63 mm
Rated frequency 1 kHz Stator outer diameter 135 mm
Rotor type PM Stator inner diameter 72 mm
Pole number 2 Rotor outer diameter 66 mm
Permanent magnet number 12 Core length 275 mm
Parallel branch number 1 Slot number 36

2.1. The 2D finite element model of the generator

The 2D finite element model (FEM) is established according to the structure size and parameter
of the generator prototype to analysis the influence of the time harmonic current on a generator
electromagnetic field, as shown in the Fig. 1.

Stator Rotor Stator

iron iron
] Back winding
(b)

Fig. 1. The generator: (a) the 2D finite element model; (b) the backing winding structure

In order to simplify the analysis and calculation of the electromagnetic fields, the following
assumptions are applied:

a. The influence of a displacement current is ignored, and the electromagnetic field in the
generator is a quasi-stationary electromagnetic field.

b. The magnetic vector potential has only Z-axis components during the 2D transient field
analysis.

c. Materials are isotropic. The permeability of the material is constant and the variation of
the permeability with the change of the temperature is ignored [5].
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Based on the above assumptions and electromagnetic field theory, the boundary value equa-
tions of the generator 2D transient electromagnetic field are presented as Formula (1) [5]:

(1) )
ox \u 0x oy \u 9y < dr

A =0 : (1)
1 0A;, 1 0A;

Js

where A, is the magnetic vector potential, J; is the conduction current density, u is the magnetic
permeability, o is the conductivity, J, is the equivalent current density of the permanent magnet,
t is the time, n is the normal direction of the permanent magnet boundary.

2.2. The state-space model of the generator

Based on the theory of motor transient analysis, in order to analyse the harmonic current
generated by the rectifier with different switching frequency control strategy, the generator math-
ematical model (based on d-q coordinate system) is built, as Formula (2) [19]. The block diagram
is shown in Fig. 3.

dig Lgiqwrp Ug Raia
dt ~ Lg Lg Ly
dig _Yywrp Us  Lgigw,p  Raig ®
dr L, L, Ly L,
3igp . .
T, = > (lﬁf — Lgig + qud)

where Uy, U, are the direct-axis and quadrature-axis stator voltages, i4, i, are the direct-axis and
quadrature-axis stator currents, Ly, L, represent the direct-axis and quadrature-axis synchronous
inductance, R, is the armature resistance, w, is the mechanical angular velocity, p is the pole-pair
number of the generator, ¢ is the flux linkage of the PM.

2.3. Experimental study of the generator

The accuracy of the established finite element model and the state-space model is verified by
the test of the generator prototype.

First of all, the terminal voltage and armature current of the generator operating at different
speeds (including 6 000 rpm, 8 000 rpm and 10 000 rpm) under the same load are tested. After
that, the terminal voltage and armature current are obtained from the finite element model and
the state-space model. Finally, through comparing and analyzing the three sets of results, the
accuracy of these two models was verified.

The experimental platform and the experimental equipment are shown in Fig. 2.

After testing the prototype and calculating the two models, the test results of the generator
and the calculation results of the finite element model and the state-space model are shown in
Table 2.
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Fig. 2. The test platform

Table 2. Comparisons of the test data of the prototype and the calculation data of different models

Speed (rpm) 6000 | 8000 | 10000
terminal voltage (V) 39.6 53.7 65.1
armature current (A) 144 18.5 22.1
terminal voltage (V) 39.9 53.1 65.8
armature current (A) 14.5 18.3 22.4
terminal voltage (V) 39.6 52.8 65.9
armature current (A) 14.4 18.2 22.4

Test result

Calculation results of finite element model

Calculation results of state-space model

Through comparison and analysis, it becomes clear that the errors between the two models
and the prototype are less than 1.7%, which falls within the allowable error range. Therefore, the
three sets of data could be considered consistent. The established finite element model and the
state-space model are accurate.

3. Harmonic of HSPMG with SPWM controlled rectifier

Recently, since the social production is becoming more and more demanding for the quality
and safety of energy and power supply, small-scale and decentralized distributed generation
systems have been developed rapidly to make up for the shortage of a large power grid. The
HSPMG driven by a micro gas turbine has many advantages, and it plays a very important role
in a distributed generation system. Since the frequency of the HSPMG output power is above
1 kHz, the output power can’t be directly used by ordinary AC users. So in order to convert high-
frequency AC to DC, the rectifier is necessary. In this paper, in order to analyzing the influence of
multi frequency coupling harmonics of the different rectifier switching frequency on the HSPMG
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and the distributed generation system, the dynamic analysis model of the rectification system is
built based on the dynamic coupling circuit method. The block diagram is shown in Fig. 3.
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Fig. 3. The block diagram of the state-space model

During the research, in order to facilitate the analysis and calculation, the output power of the
generator is rated power, and the power factor is 0.91.

3.1. Phase current harmonic of the system

In this paper, the switching frequency which is 3 times (6, 9, 12,...) of the fundamental
frequency, is adopted to ensure three-phase current balance. When the switching frequency
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which is 3 odd times of the fundamental frequency is adopted, the harmonic orders are odd times.
When 3 even times of the fundamental frequency are adopted as the switching frequency, the
harmonic orders are odd times and even times. The output SPWM waveforms are shown in Fig. 4
when the carrier ratio (the ratio of the switching frequency to the fundamental frequency) is 3
odd times and 3 even times, respectively.

Il
ol

(@)

Fig. 4. SPWM waveform: (a) when the carrier ratio is 3 odd times; (b) when the carrier
ratio is 3 even times

Through the comparison and analysis, when the carrier ratio is 3 odd times, the output SPWM
waveform is mirror symmetrical through comparing the wave of positive and negative half cycles,
so the phase current has no even harmonics. When the carrier ratio is 3 even times, the output
SPWM waveform is not mirror symmetrical, so the current includes even harmonics. Therefore,
the switching frequency which is 3 odd times of the fundamental frequency is usually adopted.

Fig. 5 shows the phase current waveform of the generator when the switching frequency is
6 kHz, 21 kHz, and 45 kHz respectively. By calculating, the phase current RMS values are the
same and about 133.0 A. From Fig. 5, it could be found that the phase currents have a lot of
harmonics.
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Fig. 5. Phase current in one cycle
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By using the method of the Fourier decomposition, the harmonic contents in the generator
are obtained and shown in Fig. 6 (harmonic currents, the amplitude of which is less than 0.15 A,
are ignored).
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Fig. 6. Harmonic current frequency distribution of phase current

From Fig. 6, it becomes clear that the maximum value of the harmonic current is reduced
with the increase of switching frequency. When the switching frequency is 6 kHz, the maximum
value of the harmonic current reaches 11.44 A. When the switching frequency is 21 kHz, the
maximum value of harmonic drops to 2.42 A, and the decline is 78.76%. When the switching
frequency is 45 kHz, the maximum value of harmonic is only 1.08 A, and the decline is 90.6%.
The frequency of the harmonic current is higher and higher. It can also be found that the content
of the harmonic current is decreased with the increase of switching frequency. The number of
harmonics is reduced from 27 to 6 when the switching frequency is from 6 kHz to 45 kHz, and
all harmonics frequencies are higher. These higher harmonics will be filtered easily.

3.2. Total harmonic distortion of the phase current

The current total harmonic distortion (THD) represents the ratio of the current harmonic RMS
value to the fundamental current RMS value. According to the above analysis of the harmonic
content, the THD of the phase current under different switching frequency can be calculated by
Formula (3) [6]:

0 2

1

T f (Z I, sin(nwt + an)) dt
n-2

THD = —~ % 100%, 3)

J%f(h sin(wt + @) dr
T

where: I,, is the RMS of the n-th harmonic current, /; is the RMS of the fundamental current.
It can be seen from Table 3 that the current THD is up to 7.30% when the switching frequency
is 6 kHz. When the switching frequency is 21 kHz, the current THD is 1.81%, and drops by
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5.49%. When the switching frequency is 45 kHz, the current THD is 0.84%, and drops by only
0.97% compared with 21 kHz. The relation between current THD and switching frequency is
nonlinear. In other words, the effect of the increasing switching frequency on the reduction of the
current THD becomes smaller and smaller.

Table 3. The THD of phase current under different switching frequency

Switching frequency (kHz) 6 9 12 15 18 21 24
Current THD (%) 7.30 4.45 3.24 2.56 2.12 1.81 1.58
The decrement (%) 2.85 1.21 0.68 0.44 0.31 0.23
Switching frequency (kHz) 27 30 33 36 39 42 45
Current THD (%) 1.40 1.25 1.14 1.05 0.97 0.89 0.84
The decrement (%) 0.18 0.15 0.11 0.09 0.08 0.08 0.05

4. The analysis of HSPMG losses

An HSPMG has the advantages of small size and large power density. However, it has the
greater loss per volume comparing with the ordinary motor. Therefore, the output performance of
the generator will be influenced seriously by too high generator temperature caused by generator
loss, especially for the rotor. The cooling condition of the rotor is worse than the stator. Too high
rotor temperature will cause the generation of the loss of the excitation fault, which can even
threaten the safe operation of the generator. Therefore, the rotor eddy current loss is analyzed
emphatically in this part.

During the analysis, the eddy current loss of the generator rotor is calculated in a cycle as
follows (4) [4]:

1 -
Pegay = TfZJZAeo-rlltdt, )

k
T =1

where J, is the current density in each element (in A/m?), A, is the element area (in m?), o is
the conductivity of the eddy current zone (in S/m), [, is the rotor axial length (in m), Peqqy is the
eddy current losses of the rotor (in W).

The curves of the rotor eddy current loss and its increase rate (comparing only with the
fundamental current in the armature winding) under the influence of different switching frequency
(including 6 kHz, 9 kHz, 12 kHz, .. ., 45 kHz) are shown in Fig. 7.

In Fig. 7, the increase rate represents the increase rate of the eddy current loss compared with
the loss of the generator without harmonics. From Fig. 7, it becomes clear that with the increase
of the switching frequency, the rotor eddy current loss is reduced, and the decline rate of the eddy
current loss becomes smaller. When the switching frequency increases from 6 kHz to 21 kHz, the
rotor eddy current loss decreases from 426.2 W to 350.8 W, and the decline rate (compared with
the loss of the generator without harmonic) is 22.12%. When the switching frequency increases
from 21 kHz to 45 kHz, the rotor eddy current loss decreases from 350.8 W to 344 W, the decline



N

www.czasopisma.pan.pl ?ﬂ www journals.pan.pl

908 Q. Hongbo, W. Yangi, Y. Cunxiang, H. Kaigiang Arch. Elect. Eng.

450 T T T T T 3 O(J_.;‘
- The eddy current loss
—~426.2/25.1% ——The increase rate

P SERCFEEEEEEE 25%

13.4%

The increase rate

T .«

i I | ' i I 1 ) 0

6 9 12 15 18 21 24 27 30 33 36 39 42 45
Switching Frequncy (kHz)

The rotor eddy current loss (W

300

Fig. 7. The eddy current loss and the increase rate

rate is only 2%. The analysis above shows that the eddy current loss is approximately unchanged
with the increase of switching frequency when the switching frequency is greater than 21 kHz.

The eddy current loss is proportional to the square of the eddy current density, and it is also
proportional to the distribution range of the eddy current density. In order to reveal the change
mechanism of the rotor eddy current loss, the eddy current density of the rotor is studied. Since
the fundamental frequency is as high as 1 kHz or even higher, according to the skin effects, the
eddy current density is mainly distributed on the rotor surface, and its value is decreased along the
radial direction. When the eddy current density decays to 1/e (about 0.369) of the rotor surface
value, this depth is described as the penetration depth. The penetration depth is calculated as
following (5) [4]:

d= 2 , (5)
wHo
where d is the penetration depth, w is the angular frequency of the harmonic magnetic field, u is
the materials permeability, o~ is the materials conductivity.

According to above Formula (5), the higher the harmonic magnetic field frequency is, the
smaller the penetration depth is, and the eddy current density is more concentrated on the sleeve
surface. Therefore, when the harmonic current amplitude is constant, the distribution range of the
eddy current density will decrease with the increase of the harmonic magnetic field frequency.

Based on the finite element method, the rotor eddy current density of the generator under
different switching frequency is calculated and analyzed. The eddy current density distribution
of the rotor is shown in Fig. 8.

In order to compare the eddy current density during the analysis, the same scale is adopted.
From Fig. 8, the eddy current is mainly in the rotor sleeve. With the increase of the switching
frequency, the distribution range of the eddy current density decreases. Based on the result of
the finite element analysis, it could be concluded that the maximum values of the eddy current
density are 6.86 x 105 A/m?, 5.95 x 10® A/m?, 5.57 x 10% A/m?, respectively, (see Fig. 8(a), (b),
(¢)). The maximum value of the eddy current density is decreased by 13.27% with the switching
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Fig. 8. The rotor eddy current density distribution: (a) when the switching frequency is 6 kHz; (b) when the
switching frequency is 21 kHz; (c) when the switching frequency is 45 kHz

frequency increasing from 6 kHz to 21 kHz. Based on Formula (4), it could be verified that the
eddy current loss also is decreased.

Through the analysis of the generator eddy current loss, it could be known that choosing
21 kHz switching frequency can reduce the rotor eddy current loss of the generator effectively by
22.12%, and make sure that the switching loss of the converter is within a reasonable range. This
way, the loss of the entire system would be reduced.

5. The analysis of HSPMG torque

The torque ripple directly reflects the stability of generator operation. An excessive torque
ripple not only results in vibration and noise in the generator operation, but also threatens the safe
and stable running of the generator. It may even cause the fault of the whole distributed power
generation system. Therefore, it is very important to be sure about the analysis of the generator
torque.

In this part, the influence of the rectifier switching frequency on the torque of an HSPMG
is analyzed. Based on the analysis of harmonic current contents of the system under different
work conditions, by using the time stepping finite element analysis model, the average torque, the
maximum torque and the minimum torque of the generator are obtained. During the analysis, the
torque is the electromagnetic torque.

In order to describe the change of the torque ripple accurately, the torque ripple was defined
as Formula (6) [20]:

n n
Z(Tl max — avg)2 + Z(Tl min — avg)2
1 1

nTavg

0

; (6)

where ¢ is the torque ripple, T;max, I;min are the maximum and minimum of torque in some
cycles, Ty, is the average torque, n is the number of cycles.
The torque and torque ripple are shown in Fig. 9.
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Fig. 9. Torque of the generator with different switching frequency: (a) the torque; (b) the torque ripple

In order to ease to analysis and understanding, the absolute value of torque is used in the
analysis of HSPMG torque.

Through the analysis of Fig. 9(a), the conclusion can be drawn that the average torque of the
generator is constant (about —18.81 N-m). But the maximum torque of the generator is decreased
and the minimum torque is increased with the switching frequency increasing. So the torque
ripple range is reduced.

Based on the analysis of Fig. 9, the torque ripple range is decreased with the switching
frequency increasing. The torque ripple range decreases from 5.76 N-m to 2.22 N-m when the
switching frequency increases from 6 kHz to 21 kHz, and the drop is 61.46%. However, when the
switching frequency exceeds 21 kHz, the decrement of the torque ripple range becomes smaller.
The variation trend of the torque ripple is consistent with the variation trend of the torque ripple
range.

The torque ripple is 21.62% when the switching frequency is 6 kHz. The torque ripple is
8.36% when the switching frequency is 21 kHz, and the drop is 13.26%. When the switching
frequency is 45 kHz, the torque ripple is 5.73%, so the drop is only 2.63%. Through the above
analysis, it could be obtained that the torque ripple can be reduced effectively and the stability
of the generator operation can be improved when the switching frequency is 21 kHz. When the
switching frequency exceeds 21 kHz, the generator torque ripple is reduced, but the effect of the
weakening torque ripple becomes smaller and smaller.

6. Conclusions

In this paper, an HSPMG driven by a micro gas turbine is the object of study. The effects of the
switching frequency on the system harmonic current content, losses and torque of the generator
in the distributed generation system are studied through the indirect field-circuit coupling method
between the finite element model and the state-space model, and this method can save a lot of
time compared to the direct coupling method. The following conclusions are drawn.
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1. The phase current RMS value is unchanged and about 133.0 A. The current THD is
decreased with the increase of the switching frequency, but its drop becomes smaller and
smaller. When the switching frequency increases from 6 kHz to 21 kHz, the current THD
drops by 5.49%. When the switching frequency increases from 21 kHz to 45 kHz, the
current THD drops by only 0.97%.

2. Therotor eddy current loss reduces from 426.2 W to 350.8 W when the switching frequency
increases from 6 kHz to 21 kHz. However, when the switching frequency increases from
21kHzto 45 kHz, the eddy current loss reduces only from 350.8 W to 344 W. The rotor eddy
current loss is decreased with the increase of the switching frequency. But the decline rate
of the eddy current losses becomes smaller when the switching frequency exceeds 21 kHz.

3. The torque ripple can be reduced more effectively when the switching frequency is properly
increased. When the switching frequency is increased excessively, the effect of weakening
torque ripple becomes smaller and smaller. Compared with a torque ripple of 6 kHz
switching frequency, the torque ripple decreases by 13.26% when the switching frequency
increases to 21 kHz. When the switching frequency increases to 45 kHz, the torque ripple
decreases by only 2.63%.

4. Through the analysis of this paper, the 21 kHz switching frequency of the studied distributed
power generation system is more appropriate. Not only can it improve operational perfor-
mance and reduce the loss of an HSPMG with a rectifier, but can also reduce unnecessary
rectifier switching losses.
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