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Study on Sensorless Control of Six Phase Fault-Tolerant Permanent
Magnet Rim Driven Motor with Improved Second-Order
SOGI HF Voltage Injection
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Abstract—From the perspective of motor control and manufacturing process, the application of fault-
tolerant permanent magnet rim driven motor (FTPM-RDM) in shaftless rim driven thruster (RDT) can
avoid complicated shafting structure in traditional propulsion system effectively and realize sensorless
control while reducing volume. Referring to fault-tolerant structure features, this paper introduces
an improved sensorless control algorithm based on two-stage second-order generalized integral (SOGI)
pulsating high-frequency (HF') voltage injection which is applied to the FTPM-RDM in zero and low
speed. This algorithm can realize the rotor position estimation under fault and healthy condition.
Based on pulsating HF injection method, HF square-wave voltages are injected in the virtual dg axis,
and the initial rotor position can be extracted from the response currents of stationary reference frame
(SRF). The sinusoidal voltage is injected into the virtual dq axis, and use two-stage SOGI instead of
the traditional filter is used to realize the current modulation without delay in low speed rotor position
estimation. Combining the simulation and experiments, the proposed sensorless control strategy can
estimate the rotor position accurately whether in failure or not and has good dynamic and static
performance.

1. INTRODUCTION

With the rapid development of ship technology, the performance of marine power plant is becoming
more and more important as the primary sector of the ship. As a new type of marine propeller,
shaftless RDT eliminates the requirement of torque transmission using traditional shaft. It increases
the propulsion efficiency effectively by integrating the motor with the propeller [1-3]. Currently both
of the permanent magnet synchronous motors (PMSMs) and switched reluctance motors (SRMs) can
be applied to RDM [4,5]. However, the traditional PMSM has limited fault tolerance, which may
make the motor unable to function properly when the inverter fails [6]. Therefore, different forms
of multiphase PMSM drives are widely used for its high efficiency, small size and low torque ripple.
FTPM-RDM is a new type of dual three-phase (DTP) PMSM which is symmetrically displaced by 60
degrees electrically. It is settled upon isolated phase winding design, and each phase is driven by an
independent H-bridge inverter circuit, which is still able to work in the event of one or more phases
open circuit [7-9]. Therefore, RDT can improve the reliability and safety by adopting FTPM-RDM in
RDT system. The position sensor cannot be installed due to the shaftless structure of FTPM-RDM.
Sensorless control technology of DTP PMSM has been widely concerned and applied [9-12]. It is divided
into two categories according to its appropriate conditions: control strategies for medium-high speed
operation and for zero-low speed operation [13]. The rotor position in medium-high speed is extracted
mainly by Back-EMF while the signal to noise ratio (SNR) which is used to extract voltage is small in
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zero-low speed, and it is difficult to obtain position information [14]. The control strategy for zero-low
speed mainly utilizes the salient structure, and it is easy to estimate the rotor position by means of
salient information and signal separation [15].

Open loop start method and high frequency (HF) injection method are widely used in position
sensorless control under zero-low speed condition. In open loop start method, the deviation between
estimated position and actual position in practical application is small. But what position the rotor
is pulled to when the position is predetermined and time of the movement also need to be considered.
In addition, the reversal phenomenon which is easy to occur in the process will affect the control
accuracy [16]. The HF injection method is mainly classified as HF rotating voltage signal injection, HF
square-wave voltage injection, and HF pulse signal injection according to the input waveform. The HF
sine wave voltage signal injection is divided into rotating HF voltage signal injection and fluctuating
HF voltage injection [17]. [18] injects the rotating HF voltage into a two-phase stationary coordinate
system (SCS) and obtains the rotor position information from the phase hidden in the response current.
The system has high stability due to the sine wave voltage injected which can also brings torque ripple
and current fluctuation inevitably. In traditional fluctuating HF voltage injection method, lowpass filter
(LPF) is used to extract the response current signal. Although the HF signal can be basically filtered out
when the order of the filter is set high enough, it will cause the current signal phase delay [19]. In [20], a
second-order generalized integrator is used instead of a bandpass filter to extract HF voltage signals, and
a specific frequency harmonic cancellation unit replaces the LPF to obtain rotor position error signals,
which improves the dynamic performance of the motor drive system. In [21], an HF square wave voltage
injection method based on phase locked loop (PLL) is used to eliminate the LPF remodulation process to
obtain the rotor position information. The proposed method eliminates the complicated dg coordinate
transformation. It can also independently control two motors with no additional external circuit.

The fault-tolerant control technology of FTPM-RDM is one of the important research directions of
drive system. At present, single-phase failure is the most common fault type. The current fault-tolerant
strategy of FTPMM base on vector space decomposition (VSD) is proposed in [22]. The fault-tolerant
capability of FTPMM is improved by introducing fault compensation control strategy and considering
the change of equivalent harmonic inductance. The fault-tolerant strategy of five-phase FTPMM is
proposed in [23], and the optimal fault-tolerant current of FTPM-RDM based on the fundamental wave
reduced order matrix is constructed to ensure the magnetomotive force conservation in the fault state
and output stable torque.

Based on the fault-tolerant structure of FTPM-RDM, an improved zero-low speed sensorless control
strategy is proposed in this paper. First, with injecting HF square wave voltage into the virtual dq axis,
the initial rotor position is obtained by detecting the af axis response current and judging whether
the quadrant where the rotor position is located needs compensation according to its sign (positive and
negative). Second, the rotor position is obtained based on two-stage SOGI method during low speed.
The front stage SOGI replaces BPF to reduce current distortion and extract HF response current.
The post stage SOGI replaces LPF to solve current phase delay and obtain estimated rotor position
information. Finally, combined with the current fault tolerant control strategy, an experimental platform
is built to verify the correctness and effectiveness of the proposed algorithm.

2. THE STRUCTURE AND MATHEMATICAL MODEL OF FTPM-RDM

The six-phase FTPM-RDM adopts the integrated structure of motor and propeller. In order to improve
the propulsion efficiency and increase the propeller diameter as much as possible, a surface-mounted
permanent magnet rotor is selected as the driving structure. Figure 1 shows the topological structure
of FTPM-RDM.

The stator of the motor uses single-layer concentrated winding and the isolation teeth between
phases which can effectively avoid the effect of electrical coupling on other phases under failure
conditions. The six-phase FTPM-RDM is driven by six independent H-bridge inverter circuit to improve
the fault-tolerant performance, and there is no neutral link in the circuit. The structure of the circuit
is shown in Figure 2. This structure can inhibit the short circuit current generated by the short circuit
fault. Therefore, the internal and external design of the motor can not only achieve physical isolation
and thermal isolation, but also achieve magnetic isolation and electrical isolation.
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Figure 1. The physical map and structural diagram of FTPM-RDM.
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Figure 2. The diagram of H-bridge inverter circuit for six-phase FTPM-RDM.

The voltage equation of FTPMV-RDM in six-phase stationary reference frame (SRF) can be
expressed as:
d
Ug = Rszs + a [LSiS + ws COS (0 + 08)] (1)

where us, Rs, is, Vs, Ls, 05 are the voltage, resistance, current, flux linkage, inductance, and angle
relative to phase A of each phase stator winding. “s” is represented by “A, B, C, D, E, F”. By
transforming it into the a8 SRF, the voltage equation of FTPM-RDM can be obtained as follows:

dwaﬁ
g (2)

where uag, 108, and 1,5 represent the voltages, currents and flux linkages of « axis and [ axis in the
af SRF. The flux linkage equation of FTPM-RDM in af SRF can be expressed as:

. 3 d [ cos@
Vop = Ltap & \/;”f d [ sin 6 ] @)

where 1y is the permanent flux. In order to make the control convenient and simple, the equation is
transformed from the a5 SRF to dq rotating reference frame (RRF). The voltage equation is:

Uap = Rs'ia,B +

) d
Udq = Rsldq =+ % + w1/qu (4)
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where uqq, tdq, Vg4, w represent the voltages, currents, flux linkages, and electrical angle of d axis and
q axis in the RRF. The flux linkage equation is:

¢d=Ldid+\/§¢f (5)

Vg = Lqiq
where Lg, L, are the inductances of dq axis. The electromagnetic torque can be expressed as:
Te = ny (Yaiq — Vqia) (6)

3. ROTOR POSITION ESTIMATION

3.1. Improved Initial Position Estimation Method

The initial position calculation of FTPM-RDM based on pulsating HF voltage signal injection is
proposed to avoid the impact of multiple filters which is used in the rotary signal injection method
on inaccurate detection.

The inductance of the motor increases with the injection of HF voltage, and the stator resistance of
the motor can be ignored compared with the motor impedance, that is Ry < Z. The simplified voltage
equation can be expressed as: 1

i
udq = quT; (7)
The principle of HF voltage injection is to inject HF voltage into the d-axis to produce changes in d-axis
inductance, then extract the rotor position information by saturation saliency effect. According to the
relationship between real and estimated rotor positions in RRF, as shown in Figure 3. 6 is the real
rotor position. 0 is the estimated rotor position. Af =6 — 0 is the rotor position error.

B
d

Figure 3. Real and estimated rotor synchronous RRF relationship diagram.

The HF voltage signal injected in d-axis is:
ucih . u
-] ®
1
e (o )]

-U,te [(n%—é) T, (n—i—l)T}

In Equation (8):

9)

where uj, and ug, are the voltages injected in d axis and G axis of the estimated RRF. U and T are
the amplitude and period of the injected voltage. Transform Equation (8) into dg axis, and the voltage
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equation of the real dg axis can be obtained as follows:

Udp | cos Af  sin Af u g, (10)
ugh | | —sinAf cos A Ugh

where ug;, and ug, are the voltages injected in d axis and ¢ axis of the real RRF.
The current equation in real dg axis can be expressed as:

igh | | cosf sind Tah
[ iqh } - { —sinf cosf ] [ igh ] (1)

where g, iq, are the real dg axis currents. iqp, i, are the currents in a3 SRF. Plug (8)~(11) into (7):

diop, cos 6 cos Af n sin f sin Af

dt | _ ., Lq L, 12
digp sin 8 cos AQ n cos 0 sin AQ

dt Ly L,

From Equation (12), the rotor position can be obtained from the differential currents in a5 SRF. In
surface mounted FTPM-RDM, Lg = L, = L, then Equation (12) can be simplified as:

digh,
u | cos@
d?;h L [ sin 0 ] (13)
dt
Define new variables iah, igh to calculate the rotor position. Equation (13) can be rewritten as:
- [2
i8h sin 0
The position error £ can be calculated by the trigonometric function:
€ =inp sinf — igh cos 0 = sin A (15)
When ¢ is extremely small, sin Af = A#, then the rotor position error can be simplified as:
E~ A0 (16)

The PI position tracker is used to adjust the current error £&. The estimated rotor position will coincide
with the actual value by adjusting the value of £ to zero, and the initial angle of the estimated rotor
position can be obtained. However, the signs of cos@ and sinf in af axis are different in the four-
quadrant which may cause heavy error in initial position detection. Therefore, a novel method of
position compensation based on the sign of cosf, sin 6 is proposed:

1) iqn > 0,15, > 0, the rotor position is in the first quadrant, 6 = 6'.
2) iqn < 0, the rotor position is in the second or third quadrant, § = ¢’ + 7.
3) ign <0, iqn > 0, the rotor position is in the forth quadrant, § = 6’ 4 27.

where 6 is the compensated rotor position. ' is the uncompensated rotor position.

3.2. Improved Low Speed Position Estimation Method

From Figure 3, when HF voltage signal is injected into the RRF of FTPM-RDM, the voltage model can
be expressed as (10), and the current model can be expressed as follows:

igh | cos Af  sin Af i (17)
igh | | —sinAf cosAf igh
where i, , ign, are the response currents in dj RRF. From Equations (7), (10), and (17), the relation
between voltage and current in d§ axis is represented as shown below.
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dig,
[u(zh } _ { Ly + Locos2A0  Lysin2A0 } e

Ugh Losin 2A60 Ly — Locos2A0 (18)

diqh
dt
where Ly = (Lg + Lg)/2 is the average inductance; Ly = (Lq — Lg)/2 is the difference inductance.
Equation (18) is the HF voltage signal which is injected into the estimated RRF.
Ugp | _ Up, coswpt (19)
Ugh 0
where Uy, is the amplitude of the injected voltage, and wy is the frequency of the injected voltage.
Combining Equations (18) and (19), the response currents of the estimated RRF can be calculated and
expressed as follows:
iuih . Uh sin wht L1 — L2 cos 2A0 (20)
igh | wp(L?—L3)| —L2sin2A6
Equation (20) has the error information of rotor position. Therefore, the estimated rotor position can be
obtained through the position extraction step. Figure 4 shows the rotor position information extraction
process.

a

i l iA h 'z}h L 0
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Y

Figure 4. Rotor position extraction structure based on traditional LPF.

From Figure 4, the modulated current i;h can be obtained by multiplying the response currents by
— sin wpt. i;h is represented as:

UnL UnL 1 1
— —h2 _ sin2A0 = — cos2wpt ) (21)
wi(L — L3) wi(L — L3) 2 2
In traditional rotor position extraction algorithm, the HF component of Equation (21) can be eliminated
by LPF. Therefore, the expression of the low frequency current component iz, including the rotor
position error information after filtering, is as follows:

i;h = ign(—sinwpt) = sin 2A0(sin wht)2 =

. . UnLo ) 1 1
ig = LPF(ig),) = m sin 2A0 = LPF (2 — 5 o8 2wht)
L L
= % sin 2A0 ~ %Aa (22)
2wp (LT — L3) wh(L{ — L3)

Finally, the real estimated rotor position can be obtained by PI regulator or other techniques.

Using LPF to extract rotor position can filter out HF fluctuations, but there will be a delay which
can cause large error in rotor position compared with the original signal. In order to solve the problem
of current distortion caused by BPF and signal delay caused by LPF, a band-pass filter based on second-
order generalized integral (SOGI) is proposed in this paper. Its structure is shown in Figure 5, and the
transfer function can be expressed as follows:

WhS

Lgh .

SOGI(s) = L (s) = — i, 23
) = P = i (23)
iqh k‘lwhs
2gh 24
ig s% 4+ kiwps + w} (24)

ig = igh — 14 (25)
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Figure 5. Basic structure of SOGI.

According to Figure 5, a two-stage SOGI is used to extract rotor position information in this paper.
One is to replace BPF to extract HF component of g-axis current, and the other is to replace LPF to
extract the DC component of igh which contains the position information. The new modulated response

current can be expressed as:
U}, sinwpt(— Lo sin 2A0)

Z'Th = iqh(— sinwht) =

% (—sinwpt)

! wi (L3 — L3)
UnLs : UnpLs
= M2 Gn2Ad - 2 cos 2wt 26
2won(L2 —12) " (L7 — 13) 75 (26)

The signal i; which contains rotor position error information can be extracted by the second SOGI. The
expression of the new signal i, is as follows:

UnLs
2wp (L2 — L3)
where k1 and ko are the filter gains. The rotor position can be estimated by using the PI regulator after
obtaining ;.

The current vector faut-tolerant (CVFT) compensation method used in [24] is selected as the fault-
tolerant strategy use in this paper. Figure 6 is a detailed control block diagram of FTPM-RDM system
based on improved HF injection method. In this control strategy, the FTPM-RDM that adopts the

fault-tolerant method described above can still estimate the rotor position on the condition of one phase
open circuit.

ig = SOGI(ig,) = sin 2A6 (27)
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Figure 6. Sensorless control system of FTPM-RDM based on HF' injection method.
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4. SIMULATION VERIFICATION

Establishing a simulink model in use of Matlab/Simulink to verify the feasibility of the proposed
algorithm. The parameters of the six-phase FTPM-RDM in the simulation are shown in Table 1.
The sampling frequency of the simulation model is set as 10 kHz to make sure that the simulation effect
satisfies the request of actual application.

Table 1. FTPM-RDM simulation experiment parameters.

Parameters value
Stator resistance R, (£2) 1.2
Number of pole-pairs np 15

Winding inductance L, (mH) | 27.42

Rated torque 7', (N - m) 23.87
Rated power P, (kW) 1.5
Rated speed N, (r/min) 600
Rotational inertia J, (kg-m?) | 0.05

4.1. Zero Speed Simulation

In order to verify the position compensation effect at zero speed, the initial rotor position is set to
2rad, located in the second quadrant. The voltage amplitude of the HF square wave injected in d-axis
is 2V, and its frequency is 1kHz. The estimated rotor position and actual position before and after
compensation are shown in Figure 7. The estimated rotor position in this quadrant should compensate
7 according to the algorithm above. Figure 7 verifies the effectiveness of compensation method. The
estimated position is basically consistent with the real position after compensation. The magnified
portion of a section in Fig. 7 showing the maximum error is only 1.7°.
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3 0005 oo 0015 o0z 0.025 0.00 o.035 o048

Time (s)

Figure 7. Comparison between the actual rotor position and estimated rotor position in 2rad.

4.2. Low Speed Simulation

The voltage amplitude of the HF sine wave injected in RRF is 20V, and its frequency is 1kHz. The
simulation is divided into two parts, healthy and no fault condition, specifically as follows.

4.2.1. Simulation Results under Healthy Condition

Figure 8 shows the estimated position diagram of the HF injection based on SOGI compared with
the actual position. The FTPM-RDM operates stably at 50r/min in unloading condition. The error
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Figure 8. Simulation results of FTPM-RDM speed at 50 r/min.

between the two position is within 0.05rad. The result shows that the method has a good static
performance.

Figure 9 shows the dynamic characteristic of the FTPM-RDM running at zero-load condition using
HF voltage injection method. The motor starts in the condition of 20r/min with abrupt change of
40r/min at 0.5s. It can be seen from the results that when the speed changes, the method of estimating
rotor position based on SOGI HF voltage injection can estimate rotor position effectively. Its average
rotor position estimation error is about 2°, which is smaller than the average estimation error 8° based
on LPF before improvement.

4.2.2. Simulation Results under One-phase Open Circuit Condition

Figure 10 shows the estimated rotor position by using modified position estimation method under
one-phase open circuit condition. For simulating the FTPM-RDM under fault condition we have two
methods, namely VSD and CVFT, and CVF'T is used in this paper. The given speed of the motor is
50r/min, and it works under 10 Nm load. An open circuit fault occurs in phase A, and the fault tolerant
control strategy is added at 0.6s. The actual and estimated rotor positions and the error between the
two positions are shown in Figs. 10(a) and (b), respectively. The rotor position estimation based on
SOGI HF injection method can track the actual rotor position well under malfunction in the image. The
rotor position error is stabilized at 6° after failure. This method has good fault tolerance and dynamic
performance.

5. EXPERIMENT VERIFICATION

In this paper, the validity of the proposed control strategy is verified by the six-phase FTPM-RDM
vector control system hardware experiment platform as shown in Figure 11. This platform mainly
includes six-phase FTPM-RDM, motor controller, hardware circuit, and upper computer. Fast control
prototype rapid control prototyping (RCP) is selected as the core controller of motor control. The motor
parameters used in the experiment are the same as thsoe used in MATLAB. The hardware sampling
frequency is 10 kHz. The amplitude of the injection voltage is 20 V, and its frequency is 1 kHz.

The experiment of rotor position estimation is specifically set to the steady state operation and
the step-speed dynamic operation. Furthermore, an open circuit fault of phase A is simulated during
the dynamic operation, and the change of the estimated rotor position error is observed by adding fault
tolerant strategy.

5.1. Analysis of Steady-State Operation Experiment Result

Figure 12 and Figure 13 show the speed and rotor position result of improved estimation algorithm
based on SOGI HF injection. The motor operates at stable speeds of 50r/min with 10 Nm load under
fault-free condition. The estimated position can track the actual position stably. And the error between
them is within 0.003°. The result suggests that this method can be applied to the stable operation of
FTPM-RDM at low speed.
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Figure 9. Comparison results of rotor position by two HF injection methods in FTPM-RDM. (a) The
estimated rotor position and the actual position. (b) The error of estimated rotor position.

5.2. Analysis of Dynamic Operation Experiment Result
5.2.1. Experiment Results under Healthy Condition

The experiments using SOGI HF injection method under healthy condition are carried out. Figure 14
shows the dynamic characteristic of the FTPM-RDM using HF injection method. The motor starts at
40r/min with abrupt change of 60r/min at some point. It can be seen from the results that when the
speed changes, the method of estimating rotor position based on SOGI HF injection can estimate rotor
position accurately. Its average speed estimation error is within 1r/min, and rotor position estimation
error is about 2°. The improved estimated rotor position error is larger but within the allowable
range as the speed changes instantaneously. The estimated rotor position can track the speed changes
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Figure 10. Rotor position simulation based on SOGI HF injection method in the condition of phase
A open circuit. (a) The estimated rotor position and the actual position. (b) The error of estimated
rotor position.

Servo motor

LV e s T

Figure 11. FTPM-RDM hardware experimental platform.

quickly and reposition the rotor position within 0.1s without misalignment, proving its good response
characteristic.

5.2.2. Ezxperiment Results under One-Phase Open Circuit Condition

The FTPM-RDM runs at a constant speed of 40 r/min with 10 Nm in use of SOGI HF injection method.
Phase A winding will open at some point. The changes of the actual position, estimated position, and
position error are shown in Figure 15. As shown in the figure, the estimated position error is around 10°
after phase A open circuit. Although the error is large, the motor can still run stably, which indicates
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Figure 12. Experimental verification results of FTPM-RDM speed at 50r/min. (a) The estimated
speed and the actual speed. (b) The error of estimated speed.
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Figure 13. Experimental verification results of FTPM-RDM rotor position at 50r/min. (a) The
estimated rotor position and the actual position. (b) The error of estimated rotor position.
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that the method is suitable for the fault condition of one phase open circuit. The motor can return
to steady running condition quickly when adding fault tolerant control strategy, and the rotor position
error is about 2°. This experiment result shows that the method combining SOGI HF injection and
fault tolerant strategy can achieve accurate and fast rotor position estimation under fault condition.

6. CONCLUSION

In this paper, an improved sensorless control algorithm based on two-stage SOGI pulsating HF voltage
injection which is applied to the FTPM-RDM in zero and low speed realizes the rotor position estimation
under fault and healthy condition introduced. This method not only achieves accurate estimation of
rotor position at zero speed, with the maximum error 1.7° but also realizes the current modulation
without delay in low speed rotor position estimation. Combining the simulation and experiments, the
proposed sensorless control strategy can estimate the rotor position accurately whether in failure or not
and has good dynamic and static performance. This method has great significance for further research
on FTPM-RDM sensorless control technology.
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