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Abstract – In the safe-critical applications such as 
electric/hybrid electric vehicles, reliability of the machine drive 
system is vital. Among the various machine fault types, the 
uncontrolled generator fault (UCGF) at high speed is one of the 
most serious faults that could damage the machine drive 
system. In this paper, the fault protection capability of a novel 
hybrid-excited doubly salient synchronous machine is examined 
to illustrate its great capability to prevent the dangerous 
overvoltage issue from the UCGF. PM flux of the novel hybrid-
excited doubly salient synchronous machine is inherently short-
circuited when the field excitation current is not fed into the 
excitation windings. Therefore, when the UCGF is detected in 
the high speed region, the DC-link overvoltage issue can be 
effectively reduced by forcing the field excitation current to 
zero. Since only the field excitation current is utilized to protect 
the machine and power inverter from the UCGF, it is easy to 
implement and the concept of proposed control strategy can 
also be applied to other hybrid-excited machines. Finally, the 
proposed control strategy is verified by both simulation and 
experimental results on the hybrid-excited doubly salient 
synchronous machine. 
 

Index Terms-- Fault protection, field excitation current, 
hybrid excitation, permanent magnet machine, uncontrolled 
generator fault (UCGF). 

I. INTRODUCTION 
LECTRICAL machines and drives play a vital role in 
applications of electric, hybrid electric, and fuel cell 
vehicles. The requirements of an electrical machine for 

traction applications include: high torque/power density, 
high torque for starting, low speed and hill climbing, high 
power for high speed cruising, wide operating speed range, 
and high efficiency over wide speed and torque ranges, 
particularly at low torque operation.  

Permanent magnet (PM) machines, which exhibit the 
advantages of high torque/power density, high efficiency, 
and wide operating speed range [1]-[2], are now widely 
employed by electric/hybrid electric vehicle (EV/HEV) 
manufacturers, e.g. Toyota, Nissan, BMW, and even Tesla 
etc. For PM machines, high speed operation above the base 
speed is realized by utilizing flux weakening control to 
suppress the back-EMF produced by PMs.  

Since EVs/HEVs are the safe-critical applications, the 
reliability of the machine drive system has become an 
increasingly important issue [3]-[5]. Many papers have been 
presented related to the fault impacts, detections, and fault 
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tolerances for the machines [5]-[11]. 
Among the various machine fault types, the uncontrolled 

generator fault (UCGF) at high speed in a PM machine [10]-
[15] is one of the most serious faults that could damage the 
machine and power inverter, which will be particularly 
discussed in this paper. The UCGF is emerged when the 
flux-weakening control is unexpectedly disappeared, which 
usually happens when the switching signals are suddenly 
removed or the encoder is damaged [10]-[15]. It would be a 
serious problem if the machine operates at high speed, since 
the back-EMF in each phase winding, which is usually 
several times higher than the rated supply voltage, will 
immediately become a voltage source to deliver the 
regenerated energy to charge the DC-link capacitor. This 
higher voltage in the DC-link might explode the capacitor, 
inverter switches, and even demagnetise the PMs [15], [16]. 
Although the UCGF has been presented in [10]-[15], these 
researches focus mostly on the optimization of the machine 
parameters such as the saliency ratio, PM per-unit flux, and 
rotor moment of inertia. 

On the other hand, the hybrid-excited doubly salient 
synchronous machine (HEDSSM), which consists of two 
excitation sources, i.e. permanent magnets (PMs) and DC 
field windings, Fig. 1 (c), has been introduced in [17]-[28]. 
Such hybrid-excited machines have the potential to improve 
the machine flux-enhancing and flux-weakening 
characteristics, due to their adjustable flux-linkage capability. 
A high torque at low speed and a wide operating speed range 
can thus be provided [23]. In addition, due to the fact that all 
the PMs and windings, i.e. field and armature windings, are 
located on the stator, it has robust rotor structure and 
excellent cooling capability. Moreover, HEDSSM can 
significantly alleviate the issue of overvoltage in the UCGF 
when an appropriate field excitation current control strategy 
is utilized. Under the UCGF condition, the flux-linkage and 
EMF could be reduced when the field excitation current is 
controlled towards zero or simply remove the field excitation 
circuit if possible. 

In summary, in a conventional wound-field 
synchronous machine, it is relatively easier to reduce or 
remove the field excitation in order to avoid high back-emf 
during high speed faults. In a PM machine, it is usually 
very challenge to protect the dc link from uncontrolled 
generator operation due to flux weakening at high speed. 
Even in hybrid excited machines, it remains a difficult 
control task if it is not properly considered at the machine 
design stage, as a result of flux weakening operation at 
high speed which is often achieved by controlling both 
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armature d-axis current and field excitation for high speed 
operation. In this case, the back-emf during high speed 
faults could be still too high even if the field excitation is 
removed. In this paper, it is proposed that together with 
the novel machine magnetic circuit design, it is possible 
to simply employ the technique of removing or reducing 
the field excitation to protect the dc link to avoid high 
back-emf during high speed faults. 

The fault protection capability of the HEDSSM will be 
examined and its design features will be firstly described in 
this paper. Removing the field excitation circuit when UCGF 
happens require additional hardware circuit, and therefore, in 
this paper, the proper field excitation current control strategy 
of the hybrid-excited doubly salient synchronous machine is 
proposed to effectively reduce the dangerous overvoltage 
from the UCGF. The proposed control strategy is verified by 
both simulation and experimental results on a prototype 
hybrid-excited doubly salient synchronous machine. 
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Fig. 1. Cross-section of different PM machine topologies. (a) Conventional 
IPM machines [30]. (b) Hybrid excited switched flux PM machines [31]. (c) 
Proposed fault-tolerant HEDSSM [17]. 

II. HYBRID-EXCITED DOUBLY SALIENT SYNCHRONOUS 
MACHINE 

A. Machine Topology and Operating Principle 

As mentioned above, permanent magnet (PM) 
synchronous machines as shown in Fig. 1(a) have been 
widely used for EV/HEV applications. However, since the 
magnets are located on the rotor, the PMs may be subjected 
to high mechanical stress at high speed and may also be 
difficult to cool. Hence, switched-flux PM machines which 
have the PMs and the armature windings placed in the stator 
have been developed [1]. As a result, a robust rotor structure 
suitable for high speed applications can be obtained, whilst 
the temperature rise can be more conveniently managed. To 
further enhance the flux-linkage adjustable capability, the 
hybrid-excited switched-flux permanent magnet machines, 
which have two excitation sources, i.e. the PM and the field 
excitation, are proposed, as shown in Fig. 1(b).  

The three-phase 12-stator slot/10-rotor pole HEDSSM is 
shown in Fig. 1(c) [17], where the PMs are placed between 
the contiguous slot openings of the stator teeth. Each phase 
winding consists of four armature coils connected in series. 
The twelve DC coils are also connected in series to form a 
single winding. The parameters of the prototype machine are 
listed in Table I. Since the back-EMF of the prototype 
machine is nearly zero when the field excitation current is 
not employed (if

*=0), this machine exhibits a fault protection 
capability based on the control of field excitation current.  

The simplified model showing the PM and current flux 
paths and the flux line distribution of HEDSSM without/with 
field excitation are shown in Fig. 2. It is clear that without 
field excitation, PM flux is short-circuited in stator almost 
without linking with rotor, Fig. 2(a), while with field 
excitation, more PM flux passes through the rotor, as shown 
in Fig. 2(b). It should be noted that the hybrid excited 
switched flux PM machines shown in Fig.1(b) also has 
similar characteristics. Thus, the techniques to be developed 
in this paper will be equally applicable to this type of 
machines, and indeed, the principle developed is applicable 
to almost any type of hybrid excited PM machines. 

(a) (b) 
Fig. 2. Simplified model showing the PM and current flux paths and flux 
line distributions [17], [29]. (a) Without field excitation. (b) With field 
excitation.  



 

B. Flux Regulation Capability and Back-EMF 

The phase flux-linkages and back-EMFs against the rotor 
position of the prototype machine at various specific field 
excitation currents and at 400 rpm are shown in Fig. 3(a) and 
(b), respectively. It can be observed that the amplitude of 
phase flux-linkage can be enhanced with the increase of the 
field excitation current. It can be seen from Fig. 3 and Fig. 4 
that the higher field excitation current, the larger phase flux-
linkage and back-EMF can be observed, until the field is 
over excited, i.e. the flux produced by the field excitation is 
higher than that of the PM. When the field excitation current 
is zero (if

*= 0), the amplitude of phase flux-linkage is only 
approximately 0.98 mWb, while the back-EMF is almost 
zero.  

 
TABLE I  

MACHINE PARAMETERS OF PROTOTYPE HEDSSM 
Permanent magnet flux 0.98mWb 
Number of equivalent pole pairs 10 

Packing factor 0.59 

Rated DC-link voltage 26 V 

Rated torque 0.71 Nm 

Rated speed 400 rpm 

Peak armature current 7.92 A 

Field excitation current 5.6 A 

Number of turns per phase of armature winding 184 

Number of turns of field winding 552 

Armature winding resistance 1 Ω 

Field winding resistance 3 Ω 

d-axis and q-axis inductances 2 mH 

Self-inductance of field winding 0.5 mH 

 
It should be noted that when the worse-scenarios arise, 

such as inverter short-circuit at high speed, the back-EMF of 
the HEDSSM can be significantly diminished by adopting if 
= 0. Thus, the potential damages of the machine and inverter 
can be prevented. As a result, the HEDSSMs exhibit 
significant advantages in terms of fault protection capability 
compared to the conventional PM machines. 
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Fig. 3. Open-circuit characteristic of the prototype machine corresponding to 
the specific values of field excitation current, in phase A. (a) Flux-linkage 
(b) Back-EMF. 
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Fig. 4. Flux-linkage amplitude with field excitation current. 

C. Mathematical Model 

The simplified d-axis and q-axis voltages of the HEDSSM 
expressed in the synchronous reference frame are given as 

fd
d s d d mf q q

didi
v R i L L L i

dt dt
     (1) 

 q
q s q q pm d d mf f

di
v R i L L i L i

dt
       (2) 

Since the flux-linkages are given as d = pm + Ldid + Lmfif 
and q = Lqiq, the torque Te can be given by (3). 

   3
2e pm mf f q d q d qT P L i i L L i i      . (3) 

where id, iq are the d-axis and q-axis currents, if, vf are the 
field current and voltage, Rs is the armature resistance, Lmf, Rf 
are the mutual inductance and resistance of field winding, Ld, 
Lq are the d-axis and q-axis inductances, d, q, pm are the 
d-axis and q-axis flux-linkages, and permanent magnet flux-
linkage, and  is the electrical rotor speed. 

III. FAULT PROTECTION OPERATION 

A. Uncontrolled Generator Fault 

When the flux-weakening control is unexpectedly 
disappeared, the EMF in each phase would instantaneously 
become a large voltage source, which delivers the 
regenerated current (iregen) back to the DC-link through the 



 

free-wheeling diodes of the inverter switches, as shown in 
Fig. 5. This fault has been defined as uncontrolled generator 
fault (UCGF) presented in [10]-[15], which is usually 
emerged from the removal of switching signals of inverter 
switches and the damage of the processing unit or position 
encoder. If the DC-link capacitor cannot absorb the abruptly 
regenerative energy, the explosion of both capacitor and 
inverter switches might be unpredictably emerged as caused 
by the dangerous overvoltage. 
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Fig. 5. Uncontrolled generator fault (all gate-signals are removed). 

When the UCGF is detected, the EMF in each phase 
would instantaneously become a large voltage source. 
Therefore, the switch (S1) is simultaneously controlled to 
protect the main dc power supply (Vs). The DC-link voltage 
(Vdc) is measured between anode and cathode terminals of 
the capacitor as shown in Fig. 4. It is noted that since the 
other overvoltage protections, such as the braking resistance, 
is not considered in this circuit, the impact of the UCGF can 
be evaluated considering only the regenerative energy that 
produced by the machine. 

B. Fault Protection Control Strategy 

As aforementioned above, the HEDSSM has the feature 
of flux-regulation capability by adjusting the field excitation 
winding. Therefore, the field winding would be possibly 
utilized to eliminate the regenerated energy caused by the 
UCGF, particularly at the high speed flux-weakening 
operation region. 

The fault protection control strategy for the HEDSSM is 
shown in Fig. 6. In normal operation, as defined in Fig. 6(a), 
the maximum field excitation current (if,max) is employed in 
whole operating regions in order to achieve the maximum 
torque. The d-axis current is utilized to weaken the flux-
linkage in flux-weakening operation, while the q-axis current 
is determined according to the speed and load-torque as 
shown in Fig. 6(b). In the UCGF, the DC-link capacitor is 
rapidly charged by the regenerated current and results in the 
serious overvoltage. Thus, the DC-link voltage is measured 
and utilized to activate the fault operation. Practically, when 
the DC-link voltage is greater or equal to the pre-set 
maximum DC-link voltage (Vdc ≥ Vdc,max), the field excitation 
current is controlled to zero to protect the drive system (if

*= 
0). As a result, the overvoltage issued could be solved for the 
HEDSSM with the proposed control strategy. 
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Fig. 6. Fault protection control strategy. (a) Field excitation current control 
(b) Control block diagram of the HEDSSM. 

IV. VERIFICATION OF FAULT PROTECTION CAPABILITY 
The effectiveness of the fault protection control method is 

verified by both simulation results and experimental results 
in this paper on a small prototype HEDSSM.  

A. Simulation Results 

The Simulink@MATLAB is utilized to simulate the 
UCGF condition and verify the fault protection control. The 
DC-link voltage is set to 24 V, while the machine reference 
speed is set to 2,700 rpm, as shown in Table II. The 
maximum field excitation current is 10 A to enhance the 
flux-linkage. In order to detect the UCGF, the maximum 
DC-link voltage (Vdc,max) is set to 25 V. Other setting 
parameters are presented in Table II. 

TABLE II  
FAULT PROTECTION VERIFICATION SETUP 

Reference speed 2700 rpm 

DC-link voltage (Vdc) 24 V 

Pre-set maximum DC-link voltage (Vdc,max) 25 V 

Maximum armature current 7.92 A 

Maximum field excitation current (if,max) 10 A 

DC bus capacitance 2,200 µF 

Moment of inertia 0.001 kg:m2 

 



 

Two field excitation current control strategies of 
HEDSSM under the UCGF are compared: 

(1) Maximum field excitation current in whole regions 
(if

*= 10 A) to simulate the conventional PM machines in 
which the excitation cannot be changed when UCGF 
happens. 

(2) Maximum field excitation current in normal operation, 
and zero field excitation current when UCGF detected (if

*= 
0). 

Figs. 7–8 show the simulation results of these two control 
strategies for HEDSSM. 

In normal operation mode, Fig. 7(a), the HEDSSM is 
operated in the flux-weakening region with the speed at 
2,700 rpm. Meanwhile, the maximum field excitation current 
is used to enhance the torque output, as shown in Fig. 7(b). 
The amplitudes of line back-EMF of both strategies are at 
the same level due to the same speed and flux-linkage, as 
shown in Fig. 7(c) and (d) before the UCGF. 

The UCGF is set to emerge at 2.0 s. In the UCGF mode, 
the machine speeds for both strategies are significantly 
decreased, Fig. 7(a). It should be noted that the prototype 
machine can coast down quickly due to its small moment of 
inertia, as shown in Fig. 7(a). The load torque is set as a 
constant value in the simulation system. Hence, the speed 
responses show in a linear drop way, Fig. 7(a). It should be 
emphasized that the proposed UCGF protection method for 
the developed HEDSSM still works even if the speed is not 
reduced since without field excitation, the magnetic circuit is 
short-circuited and consequently the back-emf is almost zero 
at any speed. For the control strategy utilizing the maximum 
field excitation current in the whole region (if

*= 10 A), the 
DC-link voltage is rapidly increased by around 22 V 
(~88.0%), as shown in Fig. 8(c). Under this condition, the 
DC-link capacitor is quickly charged by the regenerated 
current from the machine, which corresponds to the d- and q-
axis current variations as shown in Fig. 8(a). 

When the DC-link voltage is greater than or equal to 25 V, 
as defined in Table II, the UCGF is detected. The field 
excitation current is then controlled to zero (if

*= 0), as shown 
in Fig. 7(b). The line back-EMF can be visibly decreased, as 
shown in Fig. 7(d), compared to the results of the strategy 
that utilizes the maximum field excitation current in whole 
regions in Fig. 7(c). Therefore, the regenerated current of the 
HEDSSM can be significantly reduced corresponding to the 
d-axis and q-axis currents as shown in Fig. 8(b) and (c), 
respectively. In addition, the effectiveness of the proposed 
fault protection control method can be clearly proved by the 
power storage of the capacitor, as shown in Fig. 8(d). Since 
the power storage in capacitor is proportional to the square 
of DC-link voltage, therefore, the trend of this power storage 
in capacitor is similar to that of DC-link voltage, as shown in 
Fig. 8, i.e. a peak of the regeneration power is also observed 
once the UCGF occurs, but it can be quickly reduced with 
zero field excitation current (if

*= 0).  
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Fig. 7. Simulation results of the proposed fault protection method (if
*= 0) 

compared to the method utilizing the maximum field excitation current for 
all regions (if

*= 10 A). (a) Speed, (b) Field excitation current control, (c) 
Line voltage (if

*= 10 A), (d) Line voltage (if
*= 0 after UCGF). 
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Fig. 8. Simulation results, currents and power storage in capacitor, of the 
proposed fault protection method (if

*= 0) compared to the method that 
utilising the maximum field excitation current in whole regions (if

*= 10 A). 
(a) d- and q-axis currents (if = 10 A), (b) d- and q-axis currents (if = 0 after 
UCGF), (c) Armature current, (d) Power storage in capacitor. 

B. Experimental Results 

The prototype HEDSSM, as shown in Fig. 9(a), is 
controlled by the vector control which is implemented on a 
dSPACE platform. The prototype machine is connected to a 
1.5 kW wound field type DC machine, which is utilized to 
regulate the load-torque through an external resistance to 
dissipate the generated power. The three-phase voltage 

source inverter (VSI) is utilized with the SVPWM technique, 
while the field excitation current is regulated by the step-
down DC-DC converter, as illustrated in Fig. 9(b). To 
improve the tracking accuracy of the field excitation current, 
the feed-back current control with the proportional and 
integral (PI) regulators is considered. The experimental 
platform is shown in Fig. 9(c). The experimental setup 
parameters are defined in Table II. To generate the UCGF in 
the experiment, all switching gate-signals are suddenly 
removed at the speed of 2700rpm. 

 
(a) 

 

(b) 

 
(c) 

Fig. 9. Experiment platform. (a) Prototype HEDSSM, (b) DC-DC (step-
down) converter, (c) Test-rig. 
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Fig. 10. Experimental results of the proposed fault protection method (if
*= 0) 

compared to the method utilizing the maximum field excitation current in 
whole regions (if

*= 10 A) (a) Speed, (b) Field excitation current control, (c) 
DC-link voltage, (d) Line voltage. 

Figs. 10-11 show the experimental results of the proposed 
fault protection method (if

*= 0) compared to the method 
utilizing the maximum field excitation current in whole 
regions (if

*= 10 A). The measured speed and field excitation 
current are shown in Fig. 10(a)-(b), respectively. It is 
obvious that these results exhibit similar trends as the 
simulation results. On the other hand, the field excitation 
current if

*=10A is used in the conventional method, which 
results in higher copper loss and core loss. Therefore, the 
speed drops quickly than the method that utilizing if

*=0, as 
illustrated in Fig. 10(a). Moreover, since a permanent magnet 
DC motor is mechanically coupled to the prototype machine, 
and is connected with an adjustable power resistor to provide 
the load, as shown in Fig. 9(c), the load torque is 
proportional to the machine speed. At the same time, the core 
loss in high speed is higher than that in low speed. These two 
reasons makes the speed of both methods drop much quickly 
in high speed, as shown in Fig. 10(a). 
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(b) 

Fig. 11. Measured regenerated current and power storage in capacitor of the 
proposed fault protection method (if

*= 0) compared to the method that 
utilising the maximum field excitation current in whole regions (if

*= 10 A). 
(a) Regenerated current, (b) Measured power storage in capacitor. 

The UCGF happens at the instant of 2.0 s. Under the UCGF 
condition, since the flux-density of the method that utilizing 
if

*= 10 A is higher than the method that utilizing if
*= 0 due to 

the field excitation flux resulting in the higher core loss [27], 
the speed of the method that utilizing if

*= 10 A is falling 
quickly than the method that utilizing if

*= 0, as illustrated in 
Fig. 10(a). 

It is obvious that for the control strategy utilizing the 
maximum field excitation current in the whole region (if

*= 10 
A), the measured DC-link voltage is speedily increased by 
around 19 V (~79.16%), as shown in Fig. 10(c). Meanwhile, 
the overvoltage in the DC-link capacitor can be eliminated 
based on the proposed method (if

*= 0). Likewise, the 
effectiveness of the fault protection capability of the 
HEDSSM can be clearly proved by the comparison of 
measured line voltage (Vab), as shown in Fig. 10(d). The 
regenerated current and power storage in the capacitor are 
shown in Fig. 11(a)-(b), respectively.  

It should be noted that, in the proposed method, it takes a 
short time for the DC-link voltage to drop back to normal 
levels after the fault, Fig. 10(c). This is because of the 
existence of the system delay in the field current control 
loop, which makes the simulation results and experimental 
results slightly different. Nevertheless, if the field excitation 
circuit can be removed instantaneously (with the 
employment of additional hardware circuit) once UCGF 
happens, a good match could be expected between the 
simulation and experimental results. 

 



 

V. CONCLUSION 
This paper has described the novel features of a hybrid-

excited doubly salient synchronous machine (HEDSSM) and 
examined its fault protection capability based on the field 
excitation current control strategy under the UCGF 
conditions. These results have shown that the developed 
fault-tolerant HEDSSM can considerably alleviate the issue 
of overvoltage by utilizing zero field excitation current 
control (or simply removing field excitation circuit if 
possible) when the UCGF is detected. The proposed fault 
protection control strategy for the HEDSSM is simple to 
implement as only the field excitation current control is 
utilized, and can be also applied to other hybrid-excited 
machines. It has clearly demonstrated that it is very 
important to consider both the machine magnetic circuit 
design and the fault control in order to mitigate the issues 
with UCGF. 

It should be pointing out that due to the existence of the 
field winding, additional copper loss is introduced into the 
machine, and consequently, the total loss is increased 
compared to the conventional machine which has only 
armature windings. Since there are two types of currents, i.e. 
field current and armature current, which can be used to 
weaken the flux-linkage, in the high speed region, the 
optimal values of field current and armature current could be 
employed to minimize the total copper loss in the machine 
and then improve the machine efficiency. 
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