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The Quadrature Signals Synchronous Demodulation
Method for Rotor Position Estimation of Three-Stage
Synchronous Machine

Jiadan Wei
Junhao Yu

Abstract—TIn this article, based on the analysis of the rotor po-
sition estimation error caused by the asynchronous demodulation
method and the low-pass filter (LPF), a novel quadrature signals
synchronous demodulation method without the LPF is proposed
for the sensorless starting control of the three-stage synchronous
machine (TSSM). The second harmonic voltage caused by the rotat-
ing rectifier is employed as the high-frequency (HF) signal injected
into the field winding of the main generator (MG). The cascade
filter composed of the comb filter and the second-order generalized
integrators (SOGI) is proposed to extract the HF response signals
containing rotor position information and generate the quadrature
signals simultaneously for rotor position estimation. Then, the
synchronous demodulation method could be simplified to obtain
the estimated rotor position with higher accuracy and reliability.
Finally, the effectiveness of the proposed method is verified by the
simulation and experiment results.

Index Terms—Cascade filter, quadrature signals synchronous
demodulation method, rotor position estimation error, sensorless
starting control, three-stage synchronous machine (TSSM).

1. INTRODUCTION

N THE development trend of the more electric aircraft

for the modern aircraft [1], [2], the high-power integrated
starter/generator (ISG) system is the core technology to achieve
higher performance for the aircraft power system [3]. The three-
stage synchronous machine (TSSM) as shown in Fig. 1 has been
widely used in aviation power systems due to the properties
of its mature structure and simple voltage regulation [4], [5].
Moreover, it is also the candidate for the ISG based on the
four-quadrant operation characteristics.
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Fig. 1. Structure diagram of TSSM.

As the structure of TSSM shown in Fig. 1, there are four parts
connected in coaxial, such as pre-exiter, main exciter (ME),
rotating rectifier, and main generator (MG). In the generation
mode, the ME and rotating rectifier are employed to achieve
brushless excitation for MG. While, in the starting mode, the
ME works as the rotating transformer with the ac excitation to
provide excitation power for MG, then the MG could be driven
to crank the engine. While, the rotor position information of
MG is also required for the driving control of MG, and it is
not necessary for the generation mode. Thus, the sensorless
starting control technology is an effective approach to achieve
the integrated starting and generation function of TSSM without
any structural changes, such as the coaxially fixed mechanical
position sensor, and the property of TSSM for the aircraft could
be maintained.

In the traditional rotor position estimation methods for ac
machines at the high-speed range, the back electromagnetic
force (EMF) of the machine is detected for the rotor position
estimation by the approaches of the sliding-mode observer,
extended state observer, and so on [6], [7], [8]. Moreover, the
Kalman filter and model reference adaptive theory are employed
herein to achieve the robustness of the proposed method [9],
[10], [11]. In the proposed ISG system based on TSSM, the
starting control is required to crank the engine from standstill
status to the ignition speed, correspondingly, the rotor position
of TSSM must be estimated at the same speed range, while
the traditional method based on the EMF is not suitable for the
sensorless starting control of TSSM at the standstill status and
low-speed range.

As a result, the high-frequency (HF) signal injection (HFSI)
method for the rotor position estimation is employed for TSSM
at the standstill status and low-speed range. The external HF
signal is injected into the windings, and the response HF signal
composed of the rotor position information is extracted and
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demodulated to achieve the estimated rotor position [12], [13].
Due to the specific structure of TSSM, the proposed HFSI
method could be sorted in two different ways with respect to
the signal injection method and the rotor position demodulation
method.

Due to the multistage structure of TSSM, the external HF
signal can be injected into either the field winding of ME
[14], [15], [16] or the armature windings of MG [17], [18],
and the corresponding rotor position demodulation methods are
also different. Since the signal-to-noise ratio (SNR) of the HF
response signal is determined by the amplitude of the externally
injected HF signal, it is of great significance to the accuracy of
the estimated rotor position. Thus, the amplitude of the external
HF signal should be large enough, while the large amplitude of
the injected HF signal will lead to the obvious torque fluctuation
to deteriorate the output performance of TSSM in the starting
procedure, especially when the external HF signal is injected into
the armature windings of MG. Therefore, the amplitude of the
external HF signal is one of the key issues for the proposed rotor
position estimation method for the TSSM. Since the ME and MG
of TSSM are coaxially connected, the ME could be employed
as the rotor position sensor according to the current and flux
characteristics [19], [20], and the additional injected HF signals
are eliminated. Furthermore, as the rotating rectifier of TSSM
will lead to the high order harmonics in the field winding of the
MG, the harmonics could also be used as indirectly injected HF
signals to the MG [21], [22], without the additional injected HF
signals, the aforementioned issues could be ignored.

As the rotor position information is the low-frequency (LF)
component in the HF response signals, a low-pass filter (LPF)
is commonly necessary to demodulate the rotor position sig-
nals [23]. Moreover, the rotor position information of the LF
component is changed arising from the phase-shift with respect
to the LPF, especially in the starting process, the frequency of
LF signals such as the current and voltage vary according to
the speed. With the speed increasing, the frequency of the LF
signal increases, and the rotor position estimation error will also
increase correspondingly due to the phase-shift compensation of
LPF for the response signal, the output performance of TSSM
will also deteriorate. In order to deal with the above issues,
Wei et al. [24] proposed the second-order generalized integrator
(SOQGI) to replace the traditional digital filters with the fixed
cut-off frequency in the demodulation method, where the phase
shift could be significantly reduced. However, there is still a
phase shift of SOGI when it is employed as the LPF, and it
has a side effect on the accuracy of the estimated rotor position
similarly.

Furthermore, in [25], the rotor position error between the
actual and estimated rotor position is employed in the demodu-
lation method, where the HF component in the response signals
is eliminated by division calculation, and LPF is eliminated
correspondingly. However, the distortion with respect to the
zero-crossing point of the denominator will reduce the stabil-
ity of the rotor position estimation method. Wang et al. [26]
proposed an auxiliary square wave sampling method to replace
the traditional LPF in the demodulation, while the amplitude im-
balance of the demodulated LF component will lead to the rotor
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Fig. 2. Schematic diagram of the two-stage structure.

position estimation error. Although the error can be compensated
by the first quadrant definite integral method, the proposed rotor
position estimation method is relatively complex.

To overcome the aforementioned issues in the rotor position
estimation method for the sensorless starting control of TSSM,
a novel quadrature signals synchronous demodulation method
based on harmonic self-injection without LPF is proposed. The
second harmonic voltage caused by the rotating rectifier is
employed as an HF signal injected into the field winding of
MG so that the external HF signal injection link is eliminated to
avoid the torque fluctuation issue.

The rest of this article is organized as follows. In Section II,
the principle of harmonic self-injection is analyzed, and the
demodulation method based on the heterodyne scheme is intro-
duced. Then, the quadrature signals synchronous demodulation
method based on CF cascade SOGI structure is proposed in
Section III for the synchronous decoupling signals generation.
The simulation and experimental results are implemented to
verify the effectiveness of the proposed method in Sections IV
and V. Finally, Section VI concludes this article.

II. PRINCIPLE OF SELF-HARMONIC INJECTION AND
DEMODULATION SCHEME

A. Principle of Self-Harmonic Injection Method

In the starting mode, ME is energized by a single-phase AC
power as shown in Fig. 2, where PE is not employed herein,
and ME and MG of TSSM work in the two-stage mode, and
the excitation current in the field winding of the ME can be
expressed as

lef = Iefsin(wezt + @eo) (1)

where w.; is the frequency of the excitation power for ME, I.¢
is the amplitude, and . is the initial phase angle.

Then, the back EMF generated in the armature winding of
phase A can be expressed as

d
Ceq = $(M65f cos b - icy)

= Mesilef[wey cOS(Wegt + @e0) COS(Wert + bep)
(2)

where M. is the maximum value of the mutual inductance
between the field winding and armature windings of ME,
0c = west + B is the rotor position angle of ME, w,,. is the
electrical angular frequency of ME, and 6 is the initial rotor
position angle of ME.

Then, the back EMF of the armature windings of ME can be
obtained and rectified by the rotating rectifier. With the ignorance

— Wer SIN(Wezt + ©ep) SIN(Wert + Bep)]
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Fig. 4. FFT analysis of the back EMF of the armature windings of MG.

(a) Stationary state. (b) Rotation state.

of phase change overlap caused by inductance parameters of
TSSM, the voltage of the field winding of MG can be expressed
as

Cec |}

eeb|a |eea - eec|7 |eeb -

= E |cos(wezt + ve0)| f(0e)

Uugr = max {|ecq —
3)

where e.;, and e, are the back EMF in the armature windings
of ME of phase B and phase C respectively, E is the amplitude,
f(6.) is the coefficient of the amplitude of u 4 with respect to the
rotor position of ME as shown in Fig. 3.

The HF components in (3) can be decomposed as

|cos(weat + peo)|

—+00
- Udc + Z U(Lcn COSpn(wemt + 41060)]7 n = 07 ]-a 2.
n=1
4-(-1)"
Uacn:77 :1a233 4
(1 —4n2)"" @

where Uy is the dc component, U,., is the amplitude of the
ac components. It can be seen from (4) that the field voltage of
MG is composed of the dc component and even harmonics. As
shown in Fig. 4, the even harmonics in the field winding of MG
will also generate EMF of the same frequency in the armature
windings.

Since the excitation frequency is 200 Hz, the frequency of
even harmonics of EMF are multiples of 200 Hz. It can be
seen from (4) and Fig. 4 that the second harmonic of EMF has
the highest amplitude and SNR, so that the second harmonic is
selected to be employed as the self-injected HF signal for the
field winding of MG. Then, HF response signals in the a/3-axis
of the armature windings of MG can be extracted as follows:

Uah = Up[2Wey c08(2wert + 1) cos
— Wy sin(2west + @) sin 0]

ugp = Up[2weq c0S(2wept + @p) sind
+ wy Sin(2wez t + ©p) cos 6]

(&)
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Fig. 5. Schematic diagram of the heterodyne demodulation module.

where Uy, is the amplitude of the HF response signals, ¢y, is the
phase angle, 0 is the rotor position of MG, and w, is the electrical
angular frequency of MG.

It can be seen that the rotor position information of TSSM is
composed in (5) in the sine and cosine form, and it needs to be
extracted and estimated by the specific demodulation scheme.

B. Heterodyne Demodulation Module

The traditional heterodyne demodulation module for rotor
position signal extraction is shown in Fig. 5, which is similar
to the method commonly used in the sensorless starting control
of permanent magnet synchronous machines (PMSMs). The HF
response signals are multiplied with the demodulation signal fp,
with the same frequency. Then, the LPF is adopted to extract
the LF signals containing the rotor position information by the
phase-locked loop (PLL). However, as the phase of the HF
response signals is changed during the transmission process in
the harmonic self-injection scheme, and the phase between the
demodulation signal named f;, and the HF response signals is
unknown, which can be expressed as

fh - Cos(zwewt + de_t) (6)

where ¢4_; is the phase of the demodulation signal, and the
value could not be confirmed, it should be set according to the
rotor position compensation scheme.

Then, the signal input to the LPF can be expressed as

Uah * fn = %{Q%x [cos(dwert + psum) + cos Apy] cos @
—w [sin(dwest + @sum) + sin Ay sin 0}
ugh - frn = %{2wm [cos(dweat + Psum) + cos Ay sin 0

+w, [sin(4west + ©sum) + sin Agy] cos 0}
(7

where psum = ¢n + @q4_¢ 1 the phase sum of the HF response
signals and the demodulation signal, Ayp; = @ —pg_; is the
phase difference.

Since the HF component in (7) is suppressed by the LPF, the
phase-shift rising with the increasing of rotational speed in the
starting procedure is also introduced into the LF component.
The extracted LF signals with the consideration of the phase
shift caused by the LPF can be expressed as

Ut s = Uh [2wWes cos Ay cos(0 + prpr)
— wy-sin Ay sin(6 + @ppr)] 8)
ugl ¢ = % [2wWes cos Ay sin(6 + oLpr)

+ wy- sin Ay cos(6 + @rpr)]

where @1, pr is the phase shift caused by the LPE.
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Then, the rotor position error signal obtained in PLL can be
expressed as

U .
f(AD) , = 21 2w,y cos Agy sin(A0 ; + prLpr)
position error component
+ w, sin Agy cos(A8 ¢ + prpr) )

interference component

where AO_; = 0—0.,_; is the error between the actual rotor
position and the estimated rotor position, 6.,_; is the estimated
rotor position. It can be seen from (9) that in addition to the
rotor position error component, the input signal of PI controller
also contains the interference component caused by the phase
difference between the demodulation signal and the HF response
signals, and it also increases the difficulty in adjusting the phase-
locked parameters.

Then, the estimated rotor position with the consideration of
the errors above can be expressed as

Ocs ¢ = 0 + Qenitc + QrLPF (10

where @gqphist 1S the phase-shift caused by the interference com-
ponent in (9), and it increases with the rotational speed rising.
Thus, the compensation should be added to the heterodyne
demodulation module. The simplified schematic diagram of the
compensation method is shown in Fig. 6, where 6 .s_com is the
estimated rotor position after compensation. As @ghif; increases
when A, is rising, meanwhile, the SNR of the rotor position
error component in (9) is deteriorated. Especially, when Ay, is
close to 7/2 or 37/2, the amplitude of the rotor position error
component in (9) is close to 0, and it will lead to the failure of
the traditional heterodyne demodulation module.

From the above analysis, it can be observed that both the
asynchronous demodulation signal and the LPF in the traditional
heterodyne demodulation module increase the rotor position es-
timation error when the rotational speed increases in the starting
procedure, and it even leads to the failure of the rotor position
estimation in the extreme case.

C. Synchronous Demodulation Signal Generation

In order to improve the accuracy and reliability of the rotor
position estimation scheme for the sensorless starting control
of TSSM, a synchronous demodulation signal with the same
frequency and phase as the HF response signals is necessary
to be generated and employed in the heterodyne demodulation
module [27]. As the phase of the HF response signals determined
by parameters of TSSM is constant, the synchronous demodu-
lation signal employed for demodulation can be generated at
the standstill status. Then, the synchronous demodulation signal
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Fig.7. Schematic diagram of the synchronous demodulation signal generation
method based on the field current of ME.

generation method based on the field current of ME can be shown
in Fig. 7.

From Fig. 4 and (5), it can be seen that the frequency of the HF
response signals is twice that of the ac excitation power. In order
to achieve the synchronous demodulation signal, the field current
ior of ME needs to be squared and filtered by the band-pass filter
(BPF) to generate f;, whose frequency is the same as that of the
HF response signal. Then, f}, and its orthogonal signal f},, are
multiplied by the HF response signal in the a-axis separately

Uah * [frn = 2wer Up, c08(2wezt + ©n)
- c08(2went + pq_t) cos by
= Werp Up[cos(dwert + @sum) + cos Apy] cos Oy
Uah * frg = 2Wea Up cOS(2wegt + ©p)
-8In(2wert + @4 _t) cos by
= Wer Up[sin(4wezt + ©sum) + sin Ay cos Oy
(11)

where 0 is the initial rotor position of MG.

The signals fy, and f.os in Fig. 7 containing sinA¢y; and
cosAy; in (11) can be extracted by LPFs. Then, the phase
difference Ay is obtained by the arctangent function, and the
signal f;_gsup 1s obtained by the compensation of Ag;. Due
to the sign value of 6y, there may be a phase difference
between the phase of f;,_sup and ¢, Therefore, the synchronous
demodulation signal f},_sy,, is obtained after the initial position
correction module [27]

Jr_syn = kgn cos(2wezt + ©n) (12)
where kg, is the amplitude of the synchronous demodulation
signal.

As shown in Fig. 7, there are various issues that have side
effect on the generation of synchronous demodulation signals.
First, the high-precision current sensor is required to sample the
field current of ME, which not only increases the cost of the
platform, but also has a side effect on the accuracy of the de-
modulation signal due to the inherent sampling error. Second, the
synchronization between the demodulation signal generated and
the HF response signals is poor for the reason that the accurate
signal delay is difficult to achieve in the discrete digital system.
Moreover, since the additional BPF and LPF are necessary
in the synchronous demodulation signal generation, the phase
calculated in Fig. 7 of the synchronous demodulation signal is
distorted by the corresponding phase shift of the filters. Thus,
the demodulation method with the properties of less dependence
on filters and signals sampled by hardware should be employed
for the sensorless starting control of TSSM.
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Fig. 8.  Schematic diagram of the CF-SOGI cascade filter.
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Fig. 9. Bode diagrams of CF and SOGI. (a) CF. (b) SOGI.

III. QUADRATURE SIGNALS SYNCHRONOUS
DEMODULATION METHOD

A. Quadrature Signals Generation Method

As aforementioned issues of the synchronous demodulation
signals, quadrature signals according to the HF response signals
in the af-axis are extracted and employed to improve the
synchronous demodulation scheme, where a cascade filter of
comb filter (CF) and the SOGIs as shown in Fig. 8 is adopted
herein for the HF response signals extraction and quadrature
signals generation.

The transfer function of the CF can be expressed as
Geomb(s) =1 — ¢ 7° (13)

where T 'is the period corresponding to the center frequency. The
amplitude-frequency and phase-frequency characteristics of CF

can be obtained as
sin (W) ‘ (14)
QOJB

. m W
@comb(w) = ZG'comb(](*‘]) = 5 -5 (15)

2wB

Acomb(w) - ‘GCOmb(ij =2

where wp is the center frequency of the filter and w is the
frequency of the input signal.

Fig. 9(a) shows the bode diagram of CF, the center frequency
is set to 400 Hz, which is twice the excitation frequency, and the
HF response signals in (5) could be extracted. As the harmonic
distribution shown in Fig. 4, in order to extract the specific
second HF response signals, it is necessary to filter out the dc
component and periodic harmonics, which are 2k (k= 1,2,3...)
and 2k + 1 times the center frequency of the CF. The dc
component and harmonic signal of 800 Hz should be filtered,
and the amplitude of harmonics decreases with the frequency
increasing. The amplitude gains of the CF are both zero at the
frequency of 0 and 800 Hz as shown in Fig. 9(a) and expression
in (14), which means that the harmonic of 400 Hz as the HF
response signals can be extracted accurately. Moreover, since
the amplitude-frequency characteristic of the CF is periodic, the
components of 2k times the center frequency can be filtered out
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Fig. 10.  Schematic diagram of the quadrature signals synchronous demodu-
lation method.

effectively. The poor suppression characteristics for harmonics
with the frequency of 2k + 1 times the center frequency of CF
are compensated by the SOGI.

The transfer function of the SOGI can be expressed as

kfwBs
Gi(s) =
1(5) $2 + kjwps + wh
k rw?
Ga(s) = i (16)

$2 + kiwps + wy

where G1(s) and G(s) are the transfer functions corresponding
to the output y; and y, respectively, kris the damping coefficient
of SOGI, wp is the center frequency of SOGI.

The filter characteristics of SOGI are determined by the value
of kyof SOGI, when kydecreases, the filtering accuracy of SOGI
increases, while the dynamic performance of the rotor position
estimation system is worse, and it leads to the slow demodulation
rate. As aresult, k¢is set to 0.1 as shown in Fig. 9(b) with respect
to the comprehensive analysis, the amplitude gain of G1(s) and
Gs(s) for the HF harmonics with the frequency of 2k + 1
times the center frequency of SOGI is below -25 dB, so that
the corresponding harmonics could be suppressed effectively.
Moreover, since the phase shifts of G1(s) and Gy(s) at the center
frequency are 0° and 90° respectively, the outputs y; and y, are
the quadrature signals.

Then, the quadrature signals extracted by CF-SOGI can be
expressed as

Uah = 2Up[2wWes c08(2wert + 1) cos O
—wy SIn(2we,t + pp) sin 0]

Quan = 2Up[2Wey sin(2wert + ¢p) cos 0
+w, co8(2wert + @) sin 6]

ugn = 2Up[2wez €0S(2wezt + @) sin 0
+w; sin(2we,t + @p) cos b

qugn = 2Up[2weq sin(2weqt + ¢p) sin @
—wy co8(2west + @p) cos 0]

a7

where gu,, and qug,, are the quadrature signals to u,, and ugp,
respectively.

Then, a quadrature signals synchronous demodulation method
as shown in Fig. 10 could be adopted for the rotor position
estimation. The cascade filter composed of the CF and the SOGIs
is employed to extract the HF response signal and generate the
corresponding quadrature signals.

The quadrature demodulation signals f, cos and f5,'sin Without
the phase adjustment can be expressed as

{fh_cos = COS(2wext + <)Od)

. 1
fr_sin = sin(2weat + @aq) (18)
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where @ is the phase angle of the demodulation signals.

Then, the LF response signals with the rotor position infor-
mation could be calculated by the product of the synchronous
demodulation signals and the HF response signals without LPF,
and the corresponding phase shift of the filters could be elimi-
nated.

The rotor position error information input to the PLL by the
proposed quadrature signals synchronous demodulation method
can be expressed as

F(AO) = 2Up | lwe, cos Apg sin A + w, sin Apg cos Af

position error component interface component

19)

where Apy = pr—p4 is the phase difference between the HF
response signals and the demodulation signals, A0 = 0 —0, O
is the estimated rotor position of MG.

From (19), there is an interference component caused by Ay
existing in the rotor position error, thus, it can be observed that
the generation of an accurate synchronous demodulation signal
to eliminate the phase difference Ay is necessary for the rotor
position estimation.

B. Quadrature Signals Synchronous Demodulation Method

Based on the extracted quadrature signals in (17), the
schematic diagram of quadrature synchronous demodulation
signal generation is shown in Fig. 11, and the simplified phase
difference calculation method is also proposed. Compared with
the traditional demodulation method shown in Figs. 5 and 7,
the signal delay link and additional filters are not used herein,
the corresponding phase calculation error could be avoided to
simplify the structure.

At the standstill status, the analytical calculation module in
Fig. 111is

Usin1 = qUahRO * fh_cos — UahO * fh_sin
= 4Upweq sin Apg cos Oy

Ucos1 = qUaRO * fhfsin + Uqho - fhfcos
= 4Upwe, cos Apg cos by

. 20
Usin2 = qUBKO * fn_cos — UBHO * [h_sin (20)
= 4Upwe, sin Ay sin g
Ucos2 = qUBRO * fh_sin + ugho fh_cos
= 4UpWweq cos Apg sin Oy
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Fig. 12.  Simplified PLL schematic diagram in the quadrature signals syn-
chronous demodulation method.

In different sectors, the signs of cosf and sinf are different,
and it affects the calculation of Ayy. Therefore, based on the
induced currents of the armature windings of MG during the
excitation process, the sign information of cosf and sinf can
be summarized as

{Sgn(COS%) = — sgn(ia)

sgn(sinfy) = — sgn(ig) @b

where i,, and ig are the armature currents in the o3-axis of MG,
respectively.

Then, the influence of the signs of cosfy and sinf is elimi-
nated by multiplication, and the (20) can be expressed as

Ugin_1 = AUpWes Sin Ay |cos 0|
Ucos 1 = AUpWes €08 Ay |cos g
Ugin_2 = AUpweq sin Ay |sin G|
Ucos 2 = AUpWe, €08 Apg |sin Op|

(22)

It can be seen that both the equation pairs usy_1, Ucos_1
and ugy_9, Ucos_o can be adopted for the phase difference
calculation. In order to improve the SNR for calculation, it is
necessary to compare the values of cosfy and sinf, so that the
group of signals with larger amplitude in (22) is employed to
achieve the phase difference calculation module in Fig. 11 as
follows:

arctan %, [tan| > |usn]
Apa = arctan Ysin2 [Uan| < | ' @y
22 fuan| < |ugnl

On the basis of the phase difference calculation result, the
quadrature synchronous demodulation signals can be obtained
by adjusting the phase in (18) and shown as

Fhcos = €08(2wert + 0a + Apg) = cos(2weyt + ©p)
Sfrsin = sin(2wert + wq + Apg) = sin(2west + ©p)
(24

Then, the rotor position estimation error is obtained by the
PLL and expressed as

F(AG) = AUpwe, sin AG. (25)

The PLL structure of the quadrature signals synchronous de-
modulation method can be simplified as the schematic diagram
shown in Fig. 12. Compared to Fig. 6, as the LPF is replaced
by mathematical calculation, the 1 py is eliminated, and the
pshife 1S mitigated by the synchronous demodulation method.
Therefore, the estimated rotor position 6.5 will converge to the
actual position 6, and it can be used in the sensorless starting
control of TSSM.

The schematic diagram of the sensorless starting control
strategy for TSSM is shown in Fig. 13, where the field winding of
ME is excited by the external single-phase ac power supply, and
the iy = 0 vector control scheme is employed for the starting
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Fig. 13.  Schematic diagram of sensorless starting control of TSSM.
TABLE I
PARAMETERS OF THE TSSM
Parameters Value
Self-inductance of stator of ME 22.2 mH
Resistance of stator of ME 3.7Q
Maximum mutual inductance between stator and rotor of ME 2.4 mH

Pole pairs of ME 4
d-axis inductance of MG

g-axis inductance of MG
Self-inductance of the rotor of MG
Resistance of stator of MG

Pole pairs of MG 16
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Fig. 14.  Simulation waveforms of quadrature HF response signals. (a) Stand-
still status. (b) Low-speed range.

control of MG. The voltage signals in the «-axis from the
output current close-loop controller are employed for the rotor
position estimation, and the estimated rotor position is adopted
for the coordinate transformation of the vector control for the
sensorless starting control of TSSM.

IV. SIMULATION VERIFICATION

To verify the effectiveness of the proposed rotor position
estimation method, a simulation model of TSSM is built, the
parameters of the prototype of TSSM are shown in Table I. The
voltage of the single-phase ac excitation for ME is set to 200 V,
and the excitation frequency is 200 Hz, which is determined by
the parameters of ME.

The quadrature HF response signals composed of rotor po-
sition information extracted by the proposed CF-SOGI cascade
filter are shown in Fig. 14. The frequency of the HF response
signals is 400 Hz, which is twice the excitation frequency. uq p,
qiap, and ugy, qugy, are respectively orthogonal to each other.
At the standstill status, the amplitude of the HF response signals
is fixed, and the ME works as the transformer. While, in the
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Fig. 15. Simulation waveforms of synchronous demodulation signals and

«a-axis HF response signals. (a) Standstill status. (b) Low-speed range.

low-speed range, since 2w, >> w,, the right part in (17) with
respect to the rotor speed w, could be ignored. As shown in
Fig. 14(b), there are two components in the curve according to
(17), the HF component is the response 400 Hz HF signal, which
is similar to that in Fig. 14(a), while with the rotor rotating, the
amplitude of the response HF signal varies according to the
rotor position, and the envelope of the curve is a low-frequency
component, which indicates the rotor position information.

The waveforms of the generated quadrature synchronous
demodulation signals and the HF quadrature response signals
in the a-axis are shown in Fig. 15, in the standstill status, the
value of cosf is constant and w,. is zero, the response signals in
(17) are in the same frequency and phase as the demodulation
signalsin (24). In the low-speed range, since the part with respect
to the rotor speed w.,. in (17) is relatively small, in the high-value
range of the response signals, it could be neglected, and the
quadrature synchronous demodulation signals have the same
phase and frequency as the response signals, while, the response
signals are deteriorated by the part with respect to the rotor
speed w,. in (17) in the low-value range, however, it almost has
no effect on the quadrature synchronous demodulation scheme,
and it verifies the effectiveness of the proposed synchronous
demodulation signals generation method.

Fig. 16 shows the waveforms of the rotor position estimation
error when Ayy is 0, 7/4, and —m/4 at rotational speeds of
50 and 100 r/min. It can be seen from Fig. 16(a) and (b) that
when the demodulation signals are synchronized with the HF
response signals, there is no steady-state error in the rotor
position estimation error at steady state. As the amplitude of
the interference component in (19) rises with the rising of the
rotational speed, the rotor position estimation error at 100 r/min
is larger than that at 50 r/min. In addition, the sign value of
the rotor position estimation error varies with the sign value of
A4, which is in good accordance with the characteristic shown
in (19).

V. EXPERIMENTAL RESULTS

In order to verify the effectiveness of the aforementioned
theoretical and simulation analysis, the experiment platform is
implemented based on the digital signal processor (DSP) and
the complex programmable logic device (CPLD) as shown in
Fig. 17. The sensorless starting control algorithm is achieved by
the DSP, and the fault protection is implemented by the CPLD.
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Fig. 16. Simulation waveforms of position estimation error at different ro-
tational speeds and different Apg. (a) 50 r/min, Agg = 0. (b) 100 r/min,
Apg = 0.(c) 50 t/min, Apg = 7/4.(d) 100 t/min, Apy = 7/4. (e) 50 r/min,
Apg = —7/4. (f) 100 r/min, Apg = —m/4.

Fig. 17.  Experiment platform of the sensorless starting control of TSSM.

A PMSM is coaxially connected to TSSM as a simulated load.
The incremental encoder is installed on the side of the PMSM
to obtain the actual rotor position as the benchmark, and the
accuracy of the rotor position estimation is evaluated by the
comparison between the actual rotor position and the estimated
rotor position obtained by the proposed method. The parameters
of TSSM are the same as that given in Table I. The excitation
voltage of ME is set as 200 V, and the excitation frequency is also
200 Hz. The i; = 0 vector control scheme is employed for the
sensorless starting control of TSSM, although the speed range
is from standstill to 100 r/min, the corresponding fundamental
frequency of the MG is 26.7 Hz due to the 16 pole-pairs of
the rotor. The specific operating conditions of TSSM at the
speed of 0, 50 r/min, and 100 r/min are adopted to verify the
proposed quadrature signals synchronous demodulation method
as follows.
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Fig. 19. Experimental waveforms of synchronous demodulation signals and
«-axis HF response signals. (a) Standstill status. (b) Low-speed range.

The experimental waveforms of the HF response signals ex-
tracted at the standstill status and low-speed range are shown in
Fig. 18, where the dc component and the harmonic components
is effectively filtered out by the CF-SOGI, and the quadrature
HF response signals containing the rotor position information
are generated at the standstill status as shown in Fig. 18(a),
at the low-speed of 50 r/min, although the amplitude of the
HF response signals varies according to the rotor position, the
quadrature HF response signals with slight phase error could also
be obtained. The generated synchronous demodulation signals
and the HF response signals of a-axis are shown in Fig. 19, and
they have the same frequency and phase both at the standstill
status. With the speed increasing in the starting procedure,
the phase of generated synchronous demodulation signals is
in good accordance with that of the HF response signals, and
it verifies the effectiveness of the synchronous demodulation
signals generation for the rotor position estimation.

The waveforms of the rotor position estimation error at differ-
ent rotational speeds with different values of Ay, are shown in
Fig. 20. When the demodulation signals are synchronized with
the HF response signals, the rotor position estimation error is less
than 0.08 rad, and the rotational speed almost has no effect on the
rotor position estimation error. However, when the demodulation
signals are asynchronous to the HF response signals with the
absolute phase-shift of 77/8 and 7/4, the rotor position estimation
error varies according to the sign value of Ay, and it can be
observed that the error rises with the increasing of the phase
difference and the rotational speed.

The trend diagram of the rotor position estimation error with
different Ay, is summarized and shown in Fig. 21. With the
increasing of Aggy, when the absolute value of Agy is less
than 7/4, the growth of the estimation error conforms to the
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variation trend of the interference component in (19), and it is
consistent with sinAy,. When the absolute value of Ay, is
greater than 7/4, the rotor position estimation error grows faster
from 0.1 rad. When the absolute value of Ay, is larger than
37/8, the SNR of the rotor position error component is too low
to achieve theoretical PLL for the rotor position estimation due
to the large amplitude of the interference component in (19), and
rotor position estimation error at 50 r/min is higher than 0.2 rad,
while, the error will be higher than 0.3 rad at 100 r/min, then,
it will lead to the failure of the rotor position estimation for the
sensorless starting control of TSSM.

Fig. 22 shows the experimental waveforms of the actual rotor
position #, the estimated rotor position € 5, and the rotor position
estimation error Aé during the starting process from initial to
50 r/min with different Ag,4. In the initial stage of the starting
procedure, due to the large acceleration ratio, there is a relatively
large positive rotor estimation error compared to that in the
steady state, and it is almost the maximum value of 0.2 rad
in the starting procedure, which is not related to the values of
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gies. (a) Traditional synchronousdemodulation scheme. (b) Quadrature signals
synchronous demodulation method.

Aypg. As it is only located in the initial status of the starting
procedure, and the error could also be controlled, it has a slight
effect on the sensorless starting control of TSSM. As shown
in Fig. 22(a), when the demodulation signal is synchronous
with the HF response signals, there is almost no steady-state
error in the rotor position estimation error, which could be
less than 0.08 rad. However, when the demodulation signal is
asynchronous to the HF response signals with the phase-shift of
m/4, as shown in Fig. 22(b) and (c), the steady-state error with
respect to the different sign values of A, is introduced into the
rotor position estimation error, and it rises with the increasing of
the rotation speed. It can be seen that the rotor position estimation
error could be increased to about 0.2 rad at the speed of 50 r/min.

Moreover, the comparison results of the traditional syn-
chronous demodulation scheme and the proposed quadrature
signals synchronous demodulation method have been imple-
mented and shown in Fig. 23, the phase error of the demodulation
signals in the traditional synchronous demodulation scheme
will lead to the large rotor position estimation error, and the
maximum estimated rotor position error is 0.17 rad as shown
in Fig. 23(a), and it will deteriorate the starting performance
of TSSM as the increasing of the rotation speed. With the
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quadrature signals synchronous demodulation method, not only
more accurate rotor position estimation could be obtained as
shown in Fig. 23(b), but also more stable rotor position error
with no relation to the rotation speed could be achieved at the
low-speed range, so that the output performance of TSSM in the
starting procedure can be improved for the effective cranking of
the engine.

VI. CONCLUSION

In order to overcome the issues of traditional rotor position
estimation methods for sensorless starting control of TSSM,
the novel quadrature signals synchronous demodulation method
based on the HF harmonic self-injection is proposed in this
article. The field winding of ME is excited by a single-phase ac
source with constant voltage and frequency, the second harmonic
generated by the rotary rectifier is used as the HF harmonic signal
injected into the field winding of MG indirectly to eliminate the
extra injection of HF signal. The generation of the demodula-
tion signal and the function of synchronous demodulation for
rotor position estimation can be realized simultaneously by the
demodulation structure composed of CF-SOGI cascade filter
and pure mathematical logic calculation, the dc bias error and
LPF phase-shift error of rotor position estimation caused by
heterodyne demodulation structure could be eliminated. The
feasibility of the proposed rotor position estimation method
of TSSM is finally verified by simulation and experimental
results, and the constant rotor position error pulsation is less
than 0.08 rad during the starting process, it can be seen that the
proposed method has high accuracy and good reliability, and the
quadrature signals synchronous demodulation method based on
HF harmonic self-injection has good application prospect for
the sensorless starting control of TSSM.
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