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Abstract—In this paper a transfer function model is developed to 
evaluate the dynamic performance of the direct-drive direct-grid 
connected slip permanent magnet wind generator system. The 
modelling of the generator is done in the dq reference frame fixed 
to the PM-rotor, for both the grid frequency and slip-frequency 
generator components. The transient response of a single, 15 kW 
grid-connected system to changes in turbine torque and grid vol-
tage and frequency is evaluated. It is shown that the generator is 
very stable under transient turbine-torque conditions and that it 
acts as a filter to prevent voltage flickering. The dynamic per-
formance is confirmed by laboratory measurements on a 15 kW 
direct drive slip permanent magnet generator. 

Keywords-direct drive; dynamic performance; grid connection; 
modelling; permanent magnet; wind generator.  

I.  INTRODUCTION 
There is a trend in recent years towards the use of direct 

drive (gearless) permanent magnet generator (PMG) wind tur-
bine systems [1]. These systems are connected to the grid via 
full-scale AC-AC power electronic solid-state converters 
(SSCs) as shown in Fig. 1(a) [2]. In addition to the important 
advantage of a gearless system, the other advantages of the 
converter-fed direct drive system include, among other things, 
variable speed maximum power point control, reactive power 
control and ride-through capability. With the SSC the PMG can 
also be operated at maximum torque per ampere or at maxi-
mum efficiency. The cost of the SSC and in general the com-
plexity of the converter-fed PMG system can be considered as 
disadvantages.  

Alternatively to the direct-drive converter-fed wind turbine 
systems, the less complex slip permanent magnet generator (S-
PMG) system, recently proposed by [3], can be used. The S-
PMG is a direct-drive, direct-grid connected generator system, 
thus, without the use of any gearbox and without any SSC as 
shown in Fig. 1(b). It is the simplest generator system that one 
can use for grid-connected wind generators, as explained in 
more detail in Section II. As the S-PMG system is connected 
directly to the grid, the wind turbine operates at a speed related 
to the grid frequency. Hence, the utility-grid-connected S-PMG 
system operates basically at fixed speed, which makes maxi-
mum power point operation at different wind speeds impossi-
ble. However, the S-PMG can also be connected to a variable-

voltage variable-frequency converter-fed grid as shown in Fig. 
1(c). This option is investigated by [4] using S-PMGs in a 
HVDC grid-connected wind farm. In this case the speed of the 
S-PMG can be varied by varying the grid frequency, by which 
maximum power point operation for all wind conditions can be 
obtained.  

The question, however, of the proposed S-PMG system is 
the stability of the generator under transient turbine torque and 
transient grid voltage conditions. In the work presented in this 
paper, there is an attempt to answer this question by evaluating 
the dynamic performance of the grid-connected S-PMG sys-
tem. The dq modelling of this special generator and the transfer 
function model of the whole system, receive specific attention. 
The investigation is done only on a small-scale wind turbine 
power level (sub 100 kW) by presenting detailed analysis and 
measurements of a 15 kW S-PMG wind energy system. 
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Figure. 1.  Diagrams of (a) converter-fed PMG, (b) direct-grid S-PMG and (c) 
variable voltage/frequency wind-farm-grid S-PMG wind energy system. 
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II. DESCRIPTION OF THE S-PMG 
The S-PMG consists of two PM generator components that 

are connected with each other via a free rotating PM-rotor as 
shown in Fig. 2. A 3D CAD drawing of the real S-PMG wind 
generator is shown in Fig. 3. 

The one generator of the S-PMG is a synchronous genera-
tor (SG) of which the stationary stator is connected to the grid. 
The PM-rotor operates at synchronous speed with respect to 
the stator of the SG. The other generator, called the induction 
generator (IG), consists of a short-circuited slip rotor that is 
mechanically connected to the turbine. The slip rotor operates 
at slip speed with respect to the PM-rotor. A torque, Tr, is gen-
erated between the slip rotor and the PM-rotor, while a counter 
torque, Ts, is generated between the stator and the PM-rotor. 
Power transfer, thus, takes place from the turbine to the slip ro-
tor, and then via the PM-rotor to the stator and the grid. 

It must be noted that the proposed S-PMG in Figs. 2 and 3 
is completely different from the conventional PM induction 
generator, as investigated e.g. by [5 – 7]. 
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Figure 2. Concept diagram of the S-PMG. 

 

 
Figure 3. CAD drawing of the S-PMG connected to the wind turbine (stator 

left, PM-rotor middle and slip-rotor right [3]. 

III. MODELLING OF THE S-PMG 
From Fig. 2 it is clear that the S-PMG can be modelled as 

two separate, decoupled machines as shown in the per phase 
equivalent circuit of Fig. 4. In this circuit, the rotor is referred 
to the grid frequency. As can be seen the rotor winding is short-
circuited and mechanically connected to the turbine, while the 
stator winding is connected to the grid. In the case of the stator 
a voltage is induced at grid frequency in the steady state, while 
in the case of the short-circuited rotor a voltage is induced at 
slip frequency. The slip speed is taken as positive in generator 
mode. Positive power transfer, thus, is from the turbine to the 
IG, and then via the SG to the grid. 

The dq equivalent circuits of the IG and SG are shown in 
Fig. 5. Note that positive current is taken as flowing out of the 
machine. Hence, the dq dynamic equations of the IG and the 
SG fixed to the PM-rotor are given respectively by 
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Figure. 4.  Steady-state per phase equivalent circuit of the S-PMG. 
 

drdres iLω
-
+

- 

rRqri

mres λω
+

-
- 

qrqres iLω
-

+
- 

rR
dri

dsdsme iLω
-
+

- 

sRqsi

msmeλω
+

-
- 

qsqsme iLω

-

+
- 

dsi

(a)

(b)

dsvqsv

+

- -

+

sR

qrL drL

qsL dsL

Figure 5. dq equivalent circuits of (a) short-circuited slip rotor and (b) stator of 
the S-PMG. 
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where ωsle is the electrical slip speed equal to ωsle = (ωt – 
ωm)p/2, and where ωt and ωm are the turbine and PM-rotor an-
gular velocities respectively (see Fig. 2) and p the number of 
poles, and where ωme = ωm p/2. Further in (1) and (2), sub-
script "r" indicates IG-rotor and "s" indicates SG-stator. 
Hence, (Lqr , Ldr) and (Lqs , Lds) in (1) and (2) are the dq induc-
tances of respectively the IG-rotor and SG-stator, and λmr and 
λms are respectively the IG and SG flux linkages due to the 
permanent magnets. 
 

The torques generated by the IG and SG as indicated in Fig. 
2 are given respectively by 
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The dynamics of the turbine (plus slip rotor) and PM-rotor 

are expressed by (5) and (6) as 
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where Tt is the torque generated by the turbine and Tm the re-
sultant torque acting on the PM-rotor, and where Jt and Jm are 
respectively the inertias of the turbine (plus slip rotor) and PM-
rotor as shown in Fig. 2. 

For accurate simulation, the PM flux linkages, λmr and λms, 
and the saturated dq inductances are obtained from static finite 
element (FE) solutions of the IG and SG. The cross-sections of 
the IG and SG generators used in the FE analysis are shown in 
Fig. 6. For the IG a non-overlapping distributed double layer 
cage winding is used as shown in Fig. 6(a). For the SG a non-
overlapping concentrated single layer winding is used as shown 
in Fig. 6(b); the choice of a single layer winding is mainly due 
to cost reasons as explained by [3] and [8]. Both the IG and SG 
have 40 poles and 48 slots, resulting in a 10-12 pole-slot com-
bination for both. 

 

 
     (a)              (b) 

Figure 6. Cross sections and FE plots of (a) double layer cage IG rotor and (b) 
single layer SG stator of the S-PMG (rated per phase rms values of the circuit 

in Fig. 4 are: Ir = 6.5 kA, Is = 23 A, Vs = 400 V). 
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slip rotor (rated rotor bar current is Idr = 2.7 kA; Iqr = 8.8 kA). 

The dq inductances of the IG and SG circuits of Fig. 5 are 
determined in general by 
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The dq inductances of (7) are affected by saturation and 

cross-coupling effects. The dq inductances, for example, of the 
IG cage rotor of Fig. 6(a) are shown in Fig. 7. It is shown that 
Ldr increases with Idr, because the flux is weakened and there is 
thus less magnetic saturation. In turn, Lqr reduces with Iqr due 
to higher magnetic saturation. Note that the PM flux linkage λm 
in (7) also varies slightly with load. However, to keep the mod-
elling and simulation simple in this first investigation, constant 
(rated) values for the dq inductances and PM flux linkages are 
assumed in (1) and (2). 

IV. SIMULATION RESULTS 
From the mathematical model in the previous section a 

complete transfer function simulation model of a single grid-
connected S-PMG wind energy system is obtained as shown in 
Fig. 8. This simulation is implemented in Matlab Simulink. 
The model is also written in VHDL to be used in the 
SIMPLORER simulation package. The Function Generator 
(FG) in Fig. 8 gives the torque-speed curves of the turbine with 
the wind speed, vw, as an input parameter. The voltages vabc are 
the per phase grid voltages that are transformed to vdqs of (2). 
The rest of the simulation diagram is self explanatory from the 
equations in Section III. 

The response of the S-PMG system to transient turbine tor-
que and transient grid voltage conditions are investigated in the 
following sections using the developed simulation model in 
Fig. 8. The inertias and electrical parameters used in the simu-
lation of the S-PMG wind turbine of Figs. 2 and 3, are summa-
rized in Table I.  

TABLE I.  SIMULATION PARAMETERS 

Jt = 300 kg.m2 Rr = 3.84 μΩ Ldr = 100 nH Lds = 7.5 mH 

Jm = 5 kg.m2 Rs = 0.4 Ω Lqr = 120 nH Lqs = 10 mH 

p = 40 fs = 50 Hz λmr = 3.69 mWb.t λms = 1.04 Wb.t 
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Figure. 8.  Transfer function diagram of the grid-connected S-PMG wind energy system (Kp is Park’s transformation). 

 
A. Transient Turbine Torque Conditions 

The transient response of the S-PMG system for a 10 m/s 
step input in wind speed (equivalent to a step input in turbine 
torque) is shown in Fig. 9. The SG’s torque in Fig. 9(a) and 
SG’s line current in Fig. 9(b) show a very stable over-damped 
step response. 

The frequency response of the generator system is further-
more investigated, with the result shown in Fig. 10. This shows 
that the 15 kW S-PMG wind turbine system has a bandwidth of 
about 1 Hz. Tower shadow and yaw error will generate a tur-
bine torque pulsation frequency of 7.5 Hz for the investigated 
fixed speed S-PMG system; this is calculated at a no-load tur-
bine speed of 150 r/min with the S-PMG connected to a 50 Hz 
grid. This frequency (7.5 Hz) is well above the system’s cut-off 
frequency of 1 Hz, and, hence, explains the zero torque-output 
response in Fig. 11 to a 7.5 Hz turbine-torque-frequency input. 
This is a significant result for the proposed fixed speed S-PMG 
wind turbine system, as possible voltage flickering on the grid 
due to tower shadowing and yaw error [9] will not occur. 

 

 
(a) 

 

 
(b) 

Figure. 9.  Simulated response of (a) torque (Ts) and (b) stator current of the S-
PMG for a10 m/s step input in wind speed. 

 

  
Figure. 10.  Frequency response of Ts / Tt of the S-PMG system.  

 
 

  
Figure. 11.  Simulated torque (Ts) response of the S-PMG for a step + 7.5 Hz 

turbine torque (Tt) input.  

B. Transient Grid Voltage Conditions 
The effect of transient and harmonic grid voltages on the 

stability of the S-PMG system are as import to investigate. In 
Fig. 12 with the S-PMG at full-load (1000 Nm and 23 A rms), 
the effect of a 20 % step drop in the grid voltage on the SG’s 
torque and dq currents are shown. From this it is clear that the 
SG of the S-PMG is quite sensitive to grid voltage changes, but 
that the SG also stabilises relatively fast (within 50 ms) from 
the worst transients. What is interesting, though, is that the 
speed of the free-rotating PM-rotor, ωm, is also affected by this 
condition as shown in Fig. 12(a). This can be explained by the 
relatively small inertia, Jm, of the PM-rotor in Fig. 8 that acts 
little as a filter against high frequency torques (in this case a 50 
Hz torque component). This is an important observation as the 
IG operation is then affected by this condition due to the feed-
back speed (ωm) in Fig. 8. Finally, shown by the dq currents in 
Fig. 12(b) in the steady state, the S-PMG compensates for low 
(in this case) or high grid voltages by supplying (in this case) 
or drawing reactive power to or from the grid respectively. 

140



 
(a)  

 
 (b) 

Figure. 12. Simulated response of (a) torque (Ts) and (b) dq current of the S-
PMG for a 20 % step-drop in grid voltage.  

 

  
Figure. 13. Simulated dq current and torque of the SG with a 2 % 5th-harmonic 

voltage in the grid voltage.   
To study the effect of harmonic grid voltages, a 2 % 5th- 

harmonic voltage is added to the vabc grid voltage in the simula-
tion in Fig. 8. The effect of this on the SG’s torque and current 
with the S-PMG under full-load, is shown in Fig. 13. It is clear 
that the 5th-harmonic voltage causes a 5th harmonic dq stator 
current to flow and a (5-1)fs-frequency (200 Hz in this case) 
generated torque. This high frequency torque has little effect on 
the speed, ωm, of the PM-rotor due to its inertia Jm (Fig. 8), and, 
thus, has little effect on the IG operation. 

V. MEASURED RESULTS 
The 15 kW S-PMG of Fig.3 has been built and tested in the 

laboratory. Due to time constraints, however, and due to the 
fact that the proposed double layer IG cage rotor of Fig. 6(a) is 
very expensive to build, the IG slip rotor is wound with a non-
overlapping double layer winding. This changed the inductance 
and resistance parameter values of Table I to: Ldr = 4.6 mH, Lqr 

= 7.9 mH and Rr = 0.33 Ω. The test system with the S-PMG is 
shown in Fig. 14. An induction motor plus gearbox drive sys-
tem is used to drive the S-PMG. The induction motor drive was 
put under torque control (not speed control) to simulate turbine 
torque transients. 

With the S-PMG connected to a 400 V, 50 Hz grid, a step 
input torque of 1000 Nm is given to the motor drive system. 
The measured response of the input shaft torque and stator cur-
rent of the S-PMG is shown in Fig. 15. The simulated current 
response using the measured shaft torque as torque input in the 
simulations, is shown in Fig. 16. From these figures the agree-
ment between measured and simulated current responses is 
clear. The low frequency oscillation in the amplitude of the 
measured current is caused by the torque ripple of the IG’s slip 
rotor. 
 

  
Figure. 14. Test system with the induction drive motor + gear box (left) con-

nected to the S-PMG (right) via a torque sensor.  
 

  
Figure. 15. Measured shaft torque (Tt) and current response of the S-PMG sys-

tem for a step input torque command given to the drive motor system.  
 

  
Figure. 16. Simulated current response of the S-PMG system with the same 

torque input as measured in Fig. 15.  
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Grid voltage transients could not be simulated in the labora-
tory at time of submission of the paper. Therefore, no measured 
results of the effect of transient grid voltages on the S-PMG 
system could be presented. 

VI. CONCLUSIONS 
In this paper a transfer function model is developed for the 

direct-drive, direct-grid connected slip permanent magnet wind 
generator (S-PMG) system. From the simulated and measured 
response of a 15 kW S-PMG system it is shown that the system 
is very stable under transient turbine torque conditions. In par-
ticular it is found that the S-PMG wind generator system has a 
very low bandwidth. This causes the system to act as a filter 
against turbine pulsation torques caused by e.g. tower shadow 
and jaw error, which prevent voltage flickering from occuring. 

It is furthermore shown that the S-PMG is sensitive to grid 
voltage changes, which affects, amongst other things, its ride-
through capability. Grid harmonic voltages are shown to cause 
harmonic currents of the same order to flow in the S-PMG. The 
amplitudes of these harmonic currents depend on the internal 
impedance of the SG. In this regard the SG with a single layer 
non-overlapping winding has the advantage of a higher internal 
impedance, and, thus, lower harmonic currents that flows. Fi-
nally, transient grid voltages (not harmonic voltages) at the 
terminals of the SG are shown in the paper have an effect on 
the IG operation of the S-PMG system. 
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