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Abstract 
In order to realize the vector control of the six-phase permanent magnet synchronous 
ocean current generator after the lack of phase, the current after the lack of phase is 
solved with the goal of minimizing the copper loss of the stater, and the mathematical 
model of the permanent magnet synchronous motor of six-phase lacking single phase is 
established according to the transformation matrix after the lack of phase. The fault-
tolerant method of space vector decoupling after the lack of single-phase is proposed to 
realize the fault-tolerant control of the motor in the lack of single-phase operation. 
Through the six-phase permanent magnet synchronous motor model and control system, 
the rationality of this method is verified by the simulation results. 
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1. Preface 

In recent years, with the increasingly serious problems of energy consumption and environmental 
pollution, the development and utilization of clean energy such as ocean energy has become the focus 
of worldwide attention, and ocean current power generation is rich in resources, less environmental 
pollution, and high utilization rate. It has become one of the main ways of generating electricity from 
ocean energy. Compared with the three-phase generator, the multi-phase generator solves the 
circulating current problem of the parallel current device by increasing the number of phases of the 
stator and reducing the phase current. The medium-voltage grid connection is realized by connecting 
the winding in series, which solves the problems that the current loop is not easy to control and the 
filter voltage drop is large under the condition of low voltage and high current in the ocean current 
power generation system[1] , and the multi-phase generator also has torque fluctuations. It has the 
advantages of small size, high power density, large output power, and good fault tolerance[2]. 
Compared with the symmetrical six-phase permanent magnet synchronous generator, the six-phase 
permanent magnet synchronous generator with double Y shifted by 30° does not contain the 5th and 
7th harmonics in the current, and has become one of the main choices for future ocean current 
generators one. 

Faults such as motor winding open circuit, power device open circuit or open circuit that may occur 
when the generator is running can be converted into motor phase loss operation by means of hardware 
fault isolation. Through fault-tolerant control, the residual phase can compensate for the torque 
fluctuation caused by the fault. , thereby simplifying the complexity of fault-tolerant control[3]. The 
existing fault-tolerant control methods for multi-phase motor open-phase operation are mainly 
hysteresis control, vector control and direct torque control[4]. Reference[5] proposed a decoupling 
fault-tolerant control method based on the minimum copper loss. On the basis of the principle of 
constant magneto motive force and the principle of minimum copper consumption, the fault-tolerant 
current of the motor after the fault is calculated, and then the dimensionality reduction transformation 
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matrix after the motor is lost is deduced according to the obtained compensation current, so as to 
establish the post-fault transformation matrix. The mathematical model of the five-phase permanent 
magnet synchronous motor realizes the decoupling control of the motor after the fault. At present, 
although the research on the principle of multi-phase permanent magnet synchronous motor is 
relatively mature, its application in ocean current power generation is still in the preliminary stage of 
exploration, and further in-depth fault-tolerant control is needed. 

In this paper, according to the design characteristics of ocean current generators, taking the permanent 
magnet synchronous generator with six-phase double Y-shift 30° winding as an example, and aiming 
at the minimum copper consumption of the stater, the current optimization of the six-phase permanent 
magnet synchronous generator lacking a single phase is carried out. The solution is solved, the 
transformation matrix is determined, the mathematical model after phase loss is established, and the 
fault-tolerant control method of vector decoupling is proposed. Finally, the rationality of this method 
is verified by simulation experiments. 

2. Fault-tolerant Control of Six-phase Permanent Magnet Synchronous Ocean 
Current Generator 

In order to simplify the analysis, the following assumptions are made for the six-phase permanent 
magnet synchronous generator: 

(1) The damping winding of the generator rotor and the leakage inductance, hysteresis and eddy 
current losses of the generator are ignored; 

(2) Magnetic circuit linearity, regardless of magnetic circuit saturation; 

(3) The influence of temperature and frequency on the parameters of the generator is not considered. 

2.1 Current Optimization after Phase Loss 

In the normal state, the current is balanced, and the magnetic field is evenly distributed in the air gap. 
Assuming that the W-phase is open, the flux linkage generated by the permanent magnet will induce 
electromotive force in the W-phase, but does not participate in the mechanical energy conversion[6]. 
Since the W-phase is open, there is no current in the W-phase, and no magneto motive force will be 
generated. Therefore, in the case of the W-phase open circuit, the total magneto motive force of the 
remaining five phases can be expressed as: 
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In the formula:N (x=A, B, C, U, V) is the number of turns of each phase winding; i (x=A, B, C, U, 
V) is the current of each phase. 

The expression of the total magneto motive force of the stator of the six-phase permanent magnet 
synchronous generator in normal operation is: 

 

                                       f = NI(e e + e e )                                                (2) 

 

In the formula:φ is the electrical angle of winding space;θ is the rotor position angle. 

According to the principle that the total magneto motive force does not change before and after the 
fault, equations (1) and (2) are equalized to obtain: 
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         (3) 

 

Since the six-phase permanent magnet synchronous generator adopts a structure in which two sets of 
winding are isolated from the neutral point, the phase current also satisfies: 

 

                            (4) 

 

Simultaneous formula (3) and formula (4) form a linear equation system, which has 4 equations and 
5 variables, and the solution is not unique. Using Lagrangian multiplication, under the constraints of 
equations (3) and (4), the current expressions of other phases after the phase loss aiming at the 
minimum copper loss are: 
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Make: 

 

                        (6) 

 

It can be seen from equation (5) that after phase loss, in order to keep the total magneto motive force 
unchanged, the residual phase current has changed in both amplitude and phase. 

2.2 Establishment of Transformation Matrix 

Let the five-phase static to two-phase static transformation matrix after phase loss be: 

 

                                             𝑇 / = [𝛼 𝛽 𝑎      𝑎 𝑎 ]                       (7) 

 

In the formula:α, βis the basis of the fundamental wave subspace, which reflects the whole process 
of electromechanical energy conversion, and is also the main control object[7];a , a , a are x-y 
subspaces and zero-order subspaces, independent of energy conversion. 

Since the current constraint has been implied in the optimization current solution process after phase 
loss, and I , I  vector is also orthogonal, it can be made α=I , β=I . After transforming it into equal 
amplitude, we have: 
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                          (8) 

 

Since T /  it is a unit orthogonal matrix, it should also satisfy: 
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The transformation matrix can be solved from the above formula: 
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Its inverse transformation matrix is:  

 

 𝑇 / = 𝑇 / = 𝑇 /                              (11) 

 

At this time, the rotation coordinate transformation matrix can be expressed as: 

 

                                  𝑃 / =
𝑐𝑜𝑠 𝜃 𝑠𝑖𝑛 𝜃 𝟎

− 𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜃 𝟎
𝟎 𝟎 𝑰𝟑

                          (12) 

 

where:I is the unit matrix of order 3. 

Thus, the transformation matrix of the five-phase stationary to two-phase rotating coordinates can be 
obtained after the lack of phase: 

 

                            𝑇 / = 𝑃 / 𝑇 /                              (13) 

2.3 Establishment of Mathematical Model after Phase Loss 

After the W phase is open, the equations of stator voltage and stator flux linkage of the remaining 
five phases in the natural coordinate system are: 

 

                               𝑢 = 𝑅 𝑖 +                                (14) 
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                                      𝜓 = 𝐿 𝑖 + 𝛾 𝜓                              (15) 

 

Where: u , i , ψ are the stator voltage matrix, current matrix and flux linkage matrix, 
respectively;R , L , γ are the stator resistance matrix, inductance coefficient matrix and flux linkage 
coefficient matrix;ψ are the flux linkage amplitudes generated by the permanent magnet in each 
phase winding. 

Substitute Equation (13) into Equation (14) and Equation (15) to get: 
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In the formula: ωis the synchronous speed; L , L are the d-axis and q-axis inductances, respectively, 
for the recessive pole type L =L =L ; 
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It can be seen from equation (16) that after the W-phase is open, the d-q subspace component 
transformed by the rotating coordinate contains a part of the secondary pulsation component, and the 
mathematical model of the motor is still related to the rotor position angle. Since the inductance 
matrix and flux linkage are time-varying, the current components cannot be decoupled [8]. 

3. Decoupling Fault-tolerant Control after Phase Loss 

In order to eliminate the influence of the time-varying matrix and achieve the purpose of decoupling, 
the d-q axis components are again rotated and transformed. A fully decoupled form can be obtained 
by multiplying both sides A(θ) of Equation (16). 
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At this time, the electromagnetic torque can be obtained from the magnetic co-energy of the motor 
as: 

 

𝑇 = 𝑃( 𝑖 + 𝑖
( )

𝜓 ) = 3𝑃 (𝐿 − 𝐿 )𝑖 𝑖 + 𝜓 𝑖 = 3𝑃𝜓 𝑖        (18) 

 

The second term of equation (17) is the double frequency component related to the stator resistance, 
which has nothing to do with the rotational speed. If the influence of this term is ignored, the 
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mathematical model of the six-phase permanent magnet synchronous generator with the W-phase 
open circuit is the same as the normal mathematical model. It can be seen from formula (18) that if 
the control method isi = 0 adopted, fault-tolerant control of the generator after phase loss can be 
performed through control. 

4. Simulation Analysis 

In order to verify the effectiveness of the fault-tolerant control of the six-phase permanent magnet 
synchronous motor proposed in this paper under the lack of single-phase fault, taking the lack of W 
phase as an example, the control model shown in Figure 1 is built in Matlab/Simulink. For the i = 0 
vector control adopted on the machine side, the given value of the harmonic current in the z − z  
subspace is 0, the given speed is 20r/min, and the rated load is suddenly added at 0.2s. The motor 
parameters are set as follows:R =0.7Ω; L = L 3.6mH; ψ =1.33Wb; J=0.0015kg·m2. 

 

 
Fig.1 Fault-tolerant control strategy diagram of six-phase ocean current permanent magnet 

generator 

 

Fig. 2 and Fig. 3 are the comparison diagrams of the motor speed before and after the fault-tolerant 
control is adopted. It can be seen from Figure 8 that although the motor speed can quickly return to 
the given speed after 0.2s, the speed disturbance is large. As shown in Figure 9, after the fault-tolerant 
control is adopted, the speed waveform is relatively smooth and the fluctuation is small, which is 
obviously improved compared with that without the fault-tolerant control. 

 

 
Fig. 2 The waveform of motor speed after W phase is missing 
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Fig. 3 The waveform of motor speed after fault-tolerant control is adopted 

 

It can be seen from Fig. 4 and Fig. 5 that the electromagnetic torque of the motor is reduced to 0.706 
times the rated torque after phase-opening operation, which is about 168.509kN·m. When the fault-
tolerant control is not used, the electromagnetic torque fluctuates greatly, the maximum value is 
211.4kN·m, and the minimum value is 125.6kN·m. After the fault-tolerant control is adopted, the 
electromagnetic torque waveform is shown in Fig. 5, and the fluctuation is obviously reduced. The 
maximum value is 194.0kN·m, and the minimum value is 146.7kN·m. Since the total magneto motive 
force does not change before and after the phase loss, the current amplitude and phase of the 
remaining phases have changed after the phase loss.  

 

 
Fig. 4 The electromagnetic torque waveform of the motor after the lack of W phase 
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Fig. 5 Waveform diagram of electromagnetic torque of motor after fault-tolerant control 

5. Conclusion 

In this paper, based on the model of six-phase dual Y-shift permanent magnet synchronous ocean 
current generator, in the case of W-phase open circuit, with the principle that the total magnetomotive 
force remains unchanged, the current solution is carried out with the goal of minimizing the stator 
copper loss, and the transformation matrix is determined to obtain the short-circuit current. The 
mathematical model of the motor after the phase is proposed, and the fault-tolerant control method 
of vector decoupling is proposed to realize the fault-tolerant control of the motor. Simulation 
experiments show that the method can effectively reduce the torque and current fluctuations of the 
motor running in phase loss, thereby improving the stability and reliability of the motor operation. 
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