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Abstract—Modern aircraft require a robust and reliable supply 

of electrical power to drive a growing number of high power 

electrical loads. Generators are driven by a mechanical offtake 

from the variable speed gas turbine, while a constant frequency 

AC network is preferred. Here doubly-fed induction machines 

are advantageous since they can be controlled, through a 

fractionally rated converter, to decouple electrical frequency 

from the mechanical drive speed, making control of the network 

frequency possible. However, the converter must be suitably 

rated, according to drive speed range, electrical voltage and 

frequency regulation, and power requirements. This paper 

develops and validates a simulation model of the doubly-fed 

induction generator system, which is applied to find the power 

flow through the machine’s stator and rotor connections over a 

wide mechanical speed range in order to size the converter. A 

field orientated control scheme is implemented, to provide stand-

alone voltage and frequency regulation across a drive range of 

±40% synchronous speed, on a purpose-built 6.6kW hardware 

test platform. Based on the mechanical speed range of an aero 

gas turbine and the identified converter sizing, the suitability of a 

doubly-fed induction generator for aero applications is 

appraised. It is shown that a converter rated at 18% of full 

system rating can be used to meet the aircraft electrical 

specifications, and offer a potential improvement in aircraft 

performance, with no additional mechanical components. 

I. INTRODUCTION 

The electrical power demanded by modern aircraft has 

risen [1], in part due to the electrification of pneumatic, 

hydraulic and mechanical auxiliary loads [2], and also due to 

additional electrical components such as in-flight entertainment 

systems. As a result electrical power generation is now critical 

to aircraft operation and due to the dominance of the electrical 

network as a secondary power system, can directly influence 

the aircraft’s overall efficiency and reliability. 

The latest civil aircraft have a number of gas turbine (GT) 

driven generators with a capacity as high as 500kVA per 

engine [3]. These generators are not electrically paralleled, 

supplying separate distribution networks for redundancy [4]. 

The GT is primarily required to provide thrust, which varies 

according to flight stage, and so drive to the generators is 

variable speed over a range of approximately 2:1. AC electrical 

distribution at a constant frequency (CF) is preferred, as this 

allows the size and weight of network-connected, electro-

magnetic components to be minimised.  

The standard method of producing CF AC from a variable 

speed drive has been to regulate drive speed using a hydraulic 

constant speed drive (CSD) [4] integrated with a synchronous 

generator. However, these systems are large (typically a similar 

mass to the generator [5]), have expensive maintenance 

requirements [6, 7], and low efficiency (ɳ=0.72 for the 

example in [8]). Alternatively, regulation can be carried out on 

the electrical side, with a fully-rated converter on the output of 

a variable frequency generator, increasing efficiency (ɳ=0.77 

in [8]), but adding weight and cost [9]. 

Due to the drawbacks of providing CF, variable frequency 

(VF) distribution has been implemented on some recent wide-

bodied civil aircraft, simplifying the generator system to a 

wound-field synchronous machine, and achieving higher 

efficiency (ɳ=0.83 in [8]). It is suggested that VF offers a 6-

fold improvement in reliability over a CF, CSD fed, system 

[10]. The main power distribution for the Boeing 787 is 

specified to have a frequency range of 360Hz to 720Hz [3] 

(2:1), while for the Airbus A380 this is 370Hz to 770Hz [11] 

(2.08:1). US Military Standard 704F [12] dictates a frequency 

range of 360Hz to 800Hz (2.22:1) for VF systems. A fixed 

ratio mechanical transmission exists between the generator and 

GT meaning that, on such a VF network, electrical frequency is 

directly related to the shaft speed from the GT, which itself 

varies with thrust. At certain stages of operation (notably 

taxiing and descent) thrust demand is low [13], however GT 

shaft speed must be kept high in order to maintain electrical 

frequency. This excess thrust is wasted, leading to costly brake 

wear when taxiing, and increased fuel consumption. This is a 

significant issue when fuel accounts for 28% of aircraft 

operating costs [14]. 

The doubly-fed induction generator (DFIG) offers the 

benefits of CF generation from variable speed drive, with only 

a fractionally rated converter and no additional mechanical 

components. Doubly-fed machines are more commonly 

associated with wind power generation [15] where constant 

electrical frequency generation is required from the variable 

drive speed of the wind turbine. The typical speed range 

considered is 1.86:1, (±30% of synchronous speed) [16, 17], 

narrower than the aero speed range considered here. A 

comparison of variable speed, CF, solutions for wind power 

generation found a CSD to be approximately half the mass per 

kW of a fully rated power converter [18]. The converter rating 

should therefore be minimised in order for the aircraft system 

to benefit from advantages in efficiency and reliability. The authors are grateful to the EPSRC, Rolls-Royce plc, and the 

University of Manchester Alumni Fund for supporting this research. 



 

While wind generation DFIGs are connected to a strong, 

CF, local network and can be controlled for maximum power 

transfer [19] (and possibly power factor correction), aircraft 

electrical networks are relatively weak, having a number of 

highly dynamic loads and only a single generator. Therefore, 

an aero DFIG generator must be controlled for standalone 

operation, to regulate network voltage and frequency [20]. The 

necessary self-excitation can be achieved through a DC link 

battery [21]. Standalone generation from a wind-driven DFIG 

is considered in [22], and over a wide speed range of 3:1. 

However the emphasis is on maximum energy capture from the 

wind, which follows a cubic power relationship with turbine 

speed, with power limiting at high speeds, whereas an aero 

system requires constant electrical power across the speed 

range. Wind power generation systems also benefit from blade 

pitch control which provides some drive speed regulation to 

the DFIG [23, 24]. Similarly, for standalone DFIG generation 

from a diesel engine, speed is controlled to achieve optimal 

efficiency [20]. This control of the prime mover is not possible 

for the aero system, where GT speed is determined by 

propulsion requirements. 

A further challenge for stand-alone control is in the supply 

of unbalanced loading, which is to be expected as multiple 

single phase loads exist on an aircraft. Load unbalance results 

in uneven heating of windings and torque pulsations, reducing 

the life of the machine and connected mechanical systems [21] 

[25] [26]. Several control strategies have been proposed which 

aim to compensate for load imbalance through control of the 

rotor-side converter [21], 4-legged stator-side converter [25] 

[26] or both. Further details of the impact of unbalanced 

electrical loads and faults on an aircraft power network is given 

in [27]; active phase rebalancing is proposed to reduce stress 

and fatigue in mechanical systems and disturbance to the 

electrical network. 

This paper investigates the factors determining the rating of 

the power converter. Given the ability of the DFIG to decouple 

electrical frequency from mechanical drive speed, other, non-

standard generation modes are also considered which 

potentially enable the simplification of electrical load design as 

well as enhanced GT performance. This paper extends 

previous theoretical studies [28, 29], and supports the 

simulation with a hardware implementation, identifying the 

system-wide benefits of the technology and sizing the 

necessary power converter based on simulation and hardware 

test results. 

II. DFIG MODELLING 

The DFIG has electrical connections to both the rotor and 

stator windings, and uses a rotor-side power converter with 

fast-acting current control, as shown in Fig. 1. The power 

rating of the rotor-side converter is determined by the range of 

slip required, and is approximately proportional to the product 

of stator power and slip [30]. 
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Figure 1.  Doubly-fed induction generator network connections 

A standard 4
th

 order dq-model of the induction machine 

core is implemented in MathWorks Simulink based on (1) and 

(2), from [31]. In the case of the DFIG, measurements of both 

rotor and stator currents are available, so the model is 

simulated with currents as state variables and equations are 

implemented in the stationary reference frame ( 01  ). 

Clarke and Park’s transforms are used to convert rotor-side 

variables, supplied through slip-rings to the stationary 

reference frame, and for implementation of the controller in the 

stator flux reference frame. 
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Fluxes and currents are related by (3) and (4). 
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Where i, v and ψ are current, voltage and flux respectively 

and subscripts denote s for the stator, r for the rotor, and d and 

q for dq-terms; Rs and Rr are the stator and rotor resistances; 

Ls,Lr,Lm are the stator, rotor and magnetising resistances 

respectively; ω1 is the synchronous frequency for the arbitrary 

reference frame; ωr is the rotor angular frequency, and Npp is 

the number of pole pairs. 

A field orientated control (FOC) scheme in the stator flux 

reference frame, based on [32], is implemented to achieve 

standalone voltage (215Vrms) and frequency (50Hz) regulation 

on the stator-side through the control of a rotor-side converter 

for a speed range of ±40% around synchronous, somewhat 

greater than is conventionally considered for a DFIG. Fast 

inner loops control rotor d and q axis currents, in a similar 

manner to a DFIG controlled for power generation from wind 

[33]. The controller uses two control loops; on the q-axis a 

current controller maintains the necessary conditions for field 

alignment, and hence imposes stator frequency (5). Due to this 



 

alignment, the d-axis current is shown to control the stator 

voltage magnitude (6) where, to provide robustness to 

parameter variation and disturbances, an inner current control 

and outer voltage control loop regulate stator voltage. Standard 

decoupling and antiwindup techniques are used on the inner 

control loops [32, 33]. 
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Current control loops were designed for critical damping 

and a 1kHz bandwidth, which was later reduced to 500Hz to 

improve disturbance rejection on the hardware test platform. 

The voltage loop was tuned using Zeigler Nichols techniques. 

Position information is provided by an encoder; although 

sensor-less control is achievable [21] [32], it is beyond the 

scope of this study. 

III. DFIG HARDWARE TEST PLATFORM 

To validate the model, the control scheme is implemented 

on the laboratory machine using a commercial converter. An 

aero generator test platform [34], which represents the 

mechanical offtake of a GT, is used to drive the DFIG and is 

shown in Fig. 2. 

 
Figure 2.  DFIG hardware laboratory setup 

The test platform consists of a DC drive machine and 

flywheel which reproduce the speed and dynamics of an aero 

GT. A gearbox, similar to an aero accessory gearbox, transfers 

drive to accessory loads which in this instance are the DFIG 

and a flywheel representing a second generator. A commercial 

converter is connected to the DFIG rotor and fed from the 

mains supply. Loading on the DFIG stator is provided by a 

resistive load bank. In the test platform’s present configuration, 

the stator-side converter is fed from the mains supply, 

simplifying the system dynamics in order to focus on rotor-side 

control and its overall rating. Interfacing the stator-side 

converter with the machine stator output is identified as a topic 

for future work. 

A dSPACE controller implements the DFIG FOC scheme 

and gas turbine speed dynamics on the DC machine. Voltage 

(Testtec TT-SI9001), current (LEM LA55-P based), rotational 

position (Hengstler RS32-O/1024ER.11KB) and torque 

(NCTE Q4-200) signals throughout the test platform are 

recorded by a LabVIEW data acquisition system. 

The test platform is scaled with power and speed for safe 

laboratory operation, using a commercial 6.6kW, 50Hz, 230V 

rated DFIG and a speed range of 600rpm to 1,400rpm at the 

DFIG side of the gearbox. Electrical and mechanical 

parameters are listed in the Appendix together with rating 

values. Compared with the test system, an aero generator 

would be expected to have lower per unit core and copper 

losses, but higher leakage reactance. For a 400Hz fundamental 

frequency, a current loop bandwidth above 1kHz would be 

required. 

A. Voltage and Current Regualtion 

The performance of the control scheme, providing 

standalone voltage and frequency regulation over the full drive 

speed range, is first appraised. The DFIG is driven at a near 

constant rate of acceleration, from 600rpm to 1,400rpm, with 

no electrical load. Rotor current and stator voltage are shown in 

Fig. 3. Signals are filtered through a low-pass filter with a 

bandwidth of 1,000Hz. 

Rotor frequency is near-zero at the synchronous speed of 

1000rpm, and increasing at speeds above or below this value. 

Voltage magnitude remains constant across the full speed 

range, regulated within ±10%. This compares with steady state 

voltage regulation of 5% achieved in [22], ±15% described in 

[35] and used for a design study for aircraft VF power 

converters, and ±5% specified in [12]. Stator frequency is 

calculated using a zero crossing detection algorithm and shows 

a regulation within ±0.5% of 50Hz. Some of this variation 

must be attributed to measurement error, as the method of zero 

crossing detection is limited in its accuracy by the sample rate 

and the frequency of the measured signal. 
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Figure 3.  DFIG hardware standalone control test results – stator voltage and 

rotor current across full speed range with no electrical load 



 

To assess the control scheme during electrical load 

variation the DFIG is driven unloaded, and a balanced 2.7kW 

load step is applied at 1.0s. A robust control scheme is required 

as the dynamics of the DFIG system vary considerably with 

drive speed. Results are shown for 600rpm, (-40% slip) which 

represents the most challenging operating point in terms of 

loading on the rotor-side converter, and 900rpm in Fig. 4, and 

1,100rpm and 1,400rpm in Fig. 5. 
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Figure 4.  DFIG hardware standalone voltage regulation for 2.7kW load step 

at (a) 600rpm and (b) 900rpm 
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Figure 5.  DFIG hardware standalone voltage regulation for 2.7kW load step 

at (a) 1,100rpm and (b) 1,400rpm 

The 2.7kW load step at 1.0s causes a rise in stator current, 

up to 3.8Arms, and a momentary drop in voltage and frequency 

at all drive speeds. Frequency drop is marginally lower during 

the transient at 1,100rpm than other drive speeds, this may be 

the result of variation in the point of wave when the load step is 

introduced. At 1,400rpm a high frequency disturbance is noted, 

this occurs sometime after the transient and does not remain 

indefinitely. This is determined to be caused by vibration from 

the gearbox, and is the subject of ongoing research. 

The test platform’s load step response is similar at both 

supersynchronous and subsynchronous speeds, showing good 

regulation across the full speed range, particularly the critical 

low speed condition. Stator voltage and frequency recover 

within 0.05s at all drive speeds, showing standalone regulation 

that meets the transient characteristics of Military Standard 

704F [12]. 

IV. DFIG POWER FLOW 

Three power connections exist on the DFIG, input 

mechanical shaft power, output electrical power from the 

stator, and slip power from the rotor which may act as a sink or 

source depending on mode of operation. The main power is 

generated from the stator side of the machine, connecting 

directly to the bus; a bidirectional converter controls frequency, 

and hence slip in the rotor. The rotor and stator sides are 

coupled to the bus so that the total output electrical bus power 

is the sum of the stator power and rotor slip power. At 

supersynchronous speeds slip power is extracted from the 

rotor, however at subsynchronous speeds power must be 

injected into the rotor to maintain the desired slip [30], and so 

additional stator power is required to meet this demand, as 

shown in Fig. 6. 
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Figure 6.  Doubly-fed induction generator power flow 

A. Simulated Power Flow 

The DFIG model with FOC scheme, from Section II, is 

used to identify the power levels (electrical and mechanical) in 

the machine across the speed range. A constant, unity power 

factor, electrical load (6.6kW) is simulated on the bus, which 

must be met by the sum of the stator and rotor power from the 

DFIG. Fig. 7 shows the power in the rotor, stator, and shaft 

against drive speed. 
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Figure 7.  Modelled DFIG power across the speed range for a 6.6kW load at 

215V, 50Hz 

The simulation again shows that at subsynchronous drive 

speeds rotor power is injected, whilst at higher, 

supersynchronous speeds power is extracted from the rotor. 

The point at which zero real power flows in the rotor is slightly 

above synchronous speed, at 1,040rpm, due to resistive losses. 

Table I shows that because of the circulating power, the 

subsynchronous operating condition requires a significantly 

higher rating of both the rotor and the stator circuits, compared 

with the supersynchronous condition with the same magnitude 

of slip. 

TABLE I.  DISTRIBUTION OF RATED OUTPUT REAL POWER 

Drive speed (rpm) 600 1000 1040 1400 1600 

Slip -40% 0 +4% +40% +60% 

Stator Power (% rating) 182 103 100 73 64 

Rotor Power (% rating) -82 -4 0 27 36 

Combined electrical power 

(% rating) 

264 107 100 100 100 

Mechanical power (% 

rating) 

-111 -104 -104 -103 -103 

Efficiency (%) 89 96 96 97 97 

 

Table I also shows the mechanical input power to the 

DFIG, which varies slightly with speed with the highest power 

at the lowest speed. Efficiency is calculated as the ratio of total 

electrical output power (from the rotor and the stator) to 

mechanical input power, and neglects converter losses and 

generator core and stray losses. The system efficiency is lowest 

at the minimum speed of 600rpm at 89%, which corresponds to 

maximum circulating power and is highest at the maximum 

speed of 1,600rpm at 97%, where both the rotor and stator are 

supplying power. At 1,040rpm, the point at which real rotor 

power is zero, efficiency is 96%.  

It is common to only consider real power, P, however, the 

converter must also supply the reactive power, Q, for the 

machine and network, which increases its VA rating. Apparent 

power requirements are shown in Fig. 8 for the same, 6.6kW, 

electrical load given in Fig. 7. 

 
Figure 8.  Modelled DFIG rotor real and reactive power flow across speed 

range at 6.6kW, 215V, 50Hz 

 

Fig. 8 shows that reactive power increases with slip, with 

an additional increase at subsynchronous speeds, due to the 

higher load currents because of the re-circulating power. These 

values are given in Table II. 

TABLE II.  ROTOR REAL AND REACTIVE POWER REQUIREMENTS 

Drive speed (rpm) 600 1000 1040 1400 1600 

Slip -40% 0 +4% +40% +60% 

Real Power (kW) -5.4 0 0 1.7 2.4 

Reactive Power (kVAr) -3.8 -0.3 0.3 3.0 4.4 

Apparent Power (kVA) 6.6 0.3 0.4 3.5 5.0 

Apparent Power (% 

rating) 

100 3 6 53 76 

 

Maximum reactive power is 3.8kVAr at 600rpm. 

Consequently, apparent power is highest at minimum speed, at 

6.6kVA, compared with 3.5kVA at maximum speed. It can be 

seen that at supersynchronous speeds, Q exceeds P, whilst at 

subsynchronous speeds P is greater than Q. 

The VA rating of the converter is considered in this paper 

as it provides a more accurate means of sizing the converter 

compared to simply considering the P requirements. 

Furthermore, as no Q is supplied mechanically, the converter 

acts as the sole sink/source for reactive power, which will vary 

according to operating speed and load power factor. A further 

consideration for costing the rotor-side converter is the current 

and voltage rating of the devices. The voltage and current 

magnitudes when supplying a constant, 6.6kW, stator load at a 

constant frequency are shown in Fig. 9. 
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Figure 9.  Modelled DFIG rotor voltage magnitude and current magnitude 

across speed range at 6.6kW, 215V, 50Hz 

It can be seen that voltage rises approximately linearly with 

slip, and is higher at minimum speed than maximum speed. 

Current magnitude falls as speed rises as recirculated power is 

reduced. The power switching devices of the converter must 

therefore be rated for the voltage and current at the minimum 

speed condition, in this instance 110V and 20A. 

Unity power factor loads have so far been considered in 

this paper meaning that the machine magnetisation is the only 

requirement for Q. Aircraft load power factor is limited by 

Military Standard [12] and Boeing [36] to 0.85 lagging and 

0.75 lagging, respectively, leading power factor loads are not 

permitted. Further simulation is carried out using the dynamic 

DFIG model to understand the impact of reactive loads on the 

converter rating. Fig. 10 shows the real and reactive power 

requirements for a constant frequency load with a worst-case 

power factor of 0.75. The same apparent power load of 

6.6kVA is considered, and so the real and reactive elements are 

4.95kW and 4.37kVAr respectively. 

 

Figure 10.  Modelled DFIG real and reactive power flow across speed range at 

6.6kVA, (pf=0.75), 215V, 50Hz 

The apparent power requirement increases with slip, with 

an 8% higher maximum value of 7.10kVA at 600rpm, 

compared with the unity power factor case. This is the worst 

case operating point, for the lowest possible power factor. 

Real power from the converter is lower due to the reduction in 

load active power; however the reactive power requirement is 

much higher, since the converter must now supply load 

reactance as well as magnetizing reactance.  

B. Measured Power Flow 

Measured power flow through the DFIG is shown in Fig. 

11. A fully bidirectional converter is not used on the test 

platform; the rotor-side converter is fed from the mains supply, 

with reverse power being dissipated by a dump resistor, so in 

this instance the stator and rotor are not coupled. A 2.3kW 

electrical load is applied and a speed range of ±40% around 

synchronous considered. Stator and rotor powers are calculated 

as the sum of the products of d and q axis current and voltage, 

where rotor voltage is estimated from the DC link voltage and 

modulation index, using values from the control scheme.  

Zero real power occurs in the rotor at 1,150rpm in the 

hardware compared with 1,040rpm in the simulations, which is 

due to the unmodelled mechanical, stray and core losses. At 

600rpm injected rotor power is 1.03kW modelled and 0.93kW 

from the hardware and at 1,400rpm extracted rotor power is 

0.77kW modelled and 1.11kW in hardware. Mechanical power 

is seen to be consistently higher in the hardware than 

simulation, indicating lower efficiency throughout the 

operation range, although this gap would be expected to be 

closer if core losses were modelled. 

 

 
Figure 11.  Modelled and hardware DFIG power flow across speed range at 

2.3kW load with mains fed rotor 

V. AERO GENERATOR APPLICATION 

The advantage of a DFIG system is that it permits a 

fractionally rated (both in terms of power and frequency) 

converter to deliver CF generation with a variable drive speed. 

However, Section IV has shown that extending the drive speed 

range increases the converter rating significantly in the 

subsynchronous mode, and that this rating is not fully utilised 

in the supersynchronous speed range. Since the DFIG is larger 

than an equivalent-rated PM generator [37], as the converter 

approaches full system rating the DFIG system is no longer 

competitive. 
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A. Constant frequency generation 

Based on the validated model data, which is shown in Fig. 

7, to provide CF AC for drive speed of ±40% around 

synchronous (a speed range of 2.33:1) a converter rated at 

6.6kVA (100% system rating) is required, which is set by the 

minimum speed and not fully utilised at maximum speed 

(where 93% rating is required). Rebalancing the speed range 

extension, so that the converter rating is equal at both speed 

extremes, gives a speed range extension of -32% to +58% 

(2.33:1), requiring a converter rating of only 73% system 

rating. A higher synchronous speed would be achieved with a 

higher gear ratio between the GT and the DFIG, and require a 

higher speed rating for the DFIG, but no additional mechanical 

components. 

On a typical GT, drive for the generators is extracted from 

the high pressure spool (intermediate pressure spool on a 3-

spool system) which has a speed range of approximately 2:1. 

Assuming a centred synchronous speed (minimum speed = 1, 

synchronous speed = 1.5, maximum speed = 2), this is range of 

±33% and would require a converter rated at 76% to achieve 

full CF generation (based on data given in Fig. 7). However 

spool speed at cruise is around 1.3 times minimum speed. 

Gearing synchronous speed towards this and rebalancing the 

speed range extension gives a DFIG drive range of -27% to 

+45% which, for a CF system, requires a converter rating of 

59%. These configurations are illustrated in Fig. 13(a). 

As the engine is at cruise speeds for the majority of its 

operation this assumes that the DFIG will be operated around 

synchronous speed for the most significant portion of operating 

time. From Table I, this is slightly below optimum efficiency, 

but gives a lower converter rating, with consequent weight-

saving. It is also preferable to ensure that the nominal operating 

point of the converter is not at the very lowest frequency as this 

introduces high thermal cycling in the power electronics [38]. 

B. Frequency-limited generation 

Discussion so far has considered only a CF mode of 

operation due to the system benefits over a VF network, 

however an alternative mode is achievable which provides 

variable, but limited, frequency network. This mode is shown 

in Fig. 12. For the variable frequency mode, electrical 

frequency varies linearly with GT speed. Frequency-limited 

operation may be achieved by capping the frequency at the low 

and/or high speed ranges or operating continuously to reduce 

the rate of change of frequency with drive speed. 
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Figure 12.  DFIG frequency-limited generation mode (solid line: frequency 

capping, dashed line: continuous scaling) 

Section IV showed that converter rating increases with slip, 

so the rating will increase with mechanical drive speed range 

and reduce with electrical frequency range. Therefore a 

frequency-limited system will require a lower rated converter 

than a CF system operating over the same drive speed range. 

Two system benefits can be considered from the frequency-

limited mode: electrical frequency range can be narrowed, 

reducing size/weight of electrical loads, or mechanical speed 

range can be extended, removing a potential constraint on the 

GT operation, potentially reducing fuel burn. During some 

flight stages there may be a mismatch between the required 

electrical frequency and optimal drive speed produced from the 

GT. Propulsive power from the GT, thrust, is directly related to 

spool speed [39] and, through the fixed ratio transmission, 

generator shaft speed. Conventionally, with a synchronous 

generator, the specified minimum electrical frequency 

artificially increases the lower limit on the GT thrust. At flight 

stages where the thrust requirement is low such as taxiing and 

descent [13] the excess propulsive power is wasted. 

Decoupling the electrical frequency from GT spool speed, 

using a DFIG, and extending the spool speed range reduces 

this power wastage. 

Frequency-limited operation, with frequency capping, 

maintains the electrical frequency within the specified 2:1 band 

while enabling drive speed to be extended beyond the range of 

2:1; this is achieved with a converter rating determined by the 

slip of the speed range extension, at minimum speed. Over the 

normal mechanical speed range of between 1.0 and 2.0 

variable frequency would be allowed, requiring minimal power 

from the converter. Fig. 13(b) illustrates the frequency-limited 

scheme allowing drive speed to be reduced below 1.0 and 

down to 0.8, in this region the electrical frequency is 

maintained at minimum levels. This speed range extension is 

achieved with only an 18% rated converter and requires no 

further mechanical components. 
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Figure 13.  3-spool GT speed range and constant frequency and frequency-

limited generation modes 



 

C. Simulation of frequency-limited mode 

The validated DFIG model is configured to provide 

variable frequency as per the frequency-limited generation 

mode shown in Fig. 13(b), the power flow in the converter 

across the speed range, including speed extension, are shown 

in Fig. 14. 

 
Figure 14.  Modelled DFIG real and reactive power flow for frequency-

limited mode 

It can be seen in Fig. 14 that the converter is rated for the 

lowest speed where it must inject real power to maintain slip. 

The synchronous speed (≈0.9) is selected so that the converter 

rating is utilised equally in subsynchronous and 

supersynchronous modes. The converter rating is not fully 

utilised between the speeds of 1.0 and 2.0 where the frequency 

is allowed to vary; this suggests that the frequency band could 

be narrowed further, by reduction at the top end, with the 

available converter rating. 

The LP spool is an attractive option for electrical 

generation as loading at this point has the least influence on GT 

performance, and electrical power can be generated while 

windmilling. However, the LP spool range is typically much 

larger than the IP spool at 12:1 [3] [40] making it unsuitable 

for DFIG generation. Open rotor [13] [41] and turboprop 

systems have a narrower speed range than the turbofan GT 

considered in this paper, as thrust can be varied by blade pitch 

control, making the DFIG a more attractive option for these 

systems. 

VI. DISCUSSION 

Generation modes and converter ratings are summarised in 

Table III for a unity power factor load. When delivering a CF 

supply over the aero mechanical speed range, a converter 

rating of 76% is required, this CF mode and the VF mode both 

have the worst case (slip and frequency) point and so converter 

rating is identical. The converter rating for VF is improved, to 

59%, when the gearing is optimised to give an asymmetric 

speed range extension around synchronous speed. Frequency-

limited mode is able to extend the GT mechanical speed range 

by a factor of 1.25 to 2.5:1 while still requiring only an 18% 

rated converter. 

TABLE III.  GENERATING MODES AND CONVERTER RATING SUMMARY 

Generating mode Mechanical 

speed range 

Electrical 

frequency 

range 

Converter rating 

(% system rating) 

Constant frequency 2:1 

(±33%) 

1:1 76% 

Constant frequency 

(synchronous cruise 

speed) 

2:1 

(-24%, +52%) 

1:1 59% 

Frequency-limited 2.5:1 2:1 18% 

 

It should be noted that in a conventional DFIG, the 

connection to the rotor windings is made through slip-rings, 

which are less suitable for aero applications, due to their 

limited operational life and risk of sparking. Potential 

alternatives include brushless doubly-fed machines [42] and 

cascaded doubly-fed induction machines [43-45]. While their 

control is more complex, the discussions of power transfer in 

this paper remain largely applicable and could form the subject 

of further research. 

VII. CONCLUSION 

In this paper the DFIG is considered as an aircraft 

generator. A machine model is produced and a FOC scheme 

implemented to provide suitable standalone voltage and 

frequency regulation. This system is validated against a 

hardware test platform up to 6.6kW and used to verify power 

flow in the system and to size the power converter for a wide 

speed range, CF, system. The real and reactive power 

requirements of the converter are discussed. 

 Several modes of electrical generation are identified (VF, 

CF, frequency-limited) for an aero application, and converter 

sizing discussed in each case. These schemes are matched to 

the dynamic behaviour of an aero GT and optimised to provide 

maximum performance for minimal converter rating. This 

work demonstrates how a DFIG can meet the requirements of 

supplying an aero electrical network and gives numerical 

values for the required power converter. 

It is shown that a CF network can be provided across a 2:1 

aero mechanical speed range with a converter rated at 59% 

system rating, providing the benefit to electrical load design 

with a low rated converter. 

If a VF network is considered for the specified range of 2:1, 

it is shown that the mechanical speed range of the GT can be 

extended beyond that to 2.5:1, requiring a converter rated at 

only 18% of system rating. This potentially improves the 

performance of the GT in exchange for minimal additional 

electrical systems components. 

APPENDIX 

A. Doubly-fed induction machine parameters 

1) Machine description: 

Voltage: 415VLL, current: 20A rated, power: 6.6kW to 

stay within 20A over slip range, 3-phase star connected (no 

neutral point access), pole pairs: 3, slip at rated power: 0.03. 

2) Electrical and mechanical parameters 

0.8 1.0 1.2 1.4 1.6 1.8 2.0

-20

-15

-10

-5

0

5

10

15

20

P
o
w

e
r 

(%
 r

a
ti
n
g
)

Shaft speed

 

 

Protor

Qrotor

|Srotor|



 

The machine is electrically characterised according to IEEE 

Standard 112 [46] at ambient temperature, and with a 50Hz 

supply, and by a number of mechanical tests. Electrical and 

mechanical parameters are given in Table IV. 

TABLE IV.  MACHINE PARAMETERS 

Parameter Value 

R1 0.30Ω 

R’2 0.45Ω 

x1 1.13Ω 

x’2 1.25Ω 

Rm 250Ω 

xm 25.8Ω 

Shaft inertia 0.475kg.m2 

Bearing damping 0.035Nm.s.rad-1 
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