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Abstract—An inductive energy transfer system (IETS) for the 

energy supply of the excitation coil of an externally excited syn-

chronous machine (EESM) has been developed. Due to the re-

moval of the slip rings, it is impossible to measure the excitation 

current and the rotor resistance on the rotating rotor. Therefore, 

a nonlinear observer for the EESM with IETS is presented, 

which estimates the excitation current and the rotor resistance. 

This observer is designed with the direct method of Lyapunov. 

Keywords—externally excited synchronous machine; electric 

mobility; drive control; inductive energy transfer; direct method of 

Lyapunov; nonlinear observer 

I. INTRODUCTION 

Since the beginning of the energy turnaround the demand 
for electric vehicles has been grown increasingly and the au-
tomotive industry is permanently searching for more efficient 
technologies in the area of electric mobility. The interest in 
this topic is higher than ever and therefore, a wide spectrum of 
research is done to improve electric machines. 

Most concepts regarding their drives primarily utilize 
asynchronous machines (ASM) and permanent magnet syn-
chronous machines (PSM). Nevertheless, the comparison 
between these two machine types with the electrically excited 
synchronous machine (EESM) shows that latter represents a 
better drive solution, at least for axle drives. The EESM 
achieves a high to very high efficiency for the whole speed 
and torque range as shown in Figure 1 [1]. 

 

Figure 1: Qualitive comparison of the efficiency (EESM-PSM-ASM) 

On the contrary to the permanently excited synchronous 
machine its excitation system does not require expensive rare 
earth magnets. Instead, an excitation coil is used, which power 
is normally supplied by a slip ring unit. This energy transmis-
sion component leads to mechanical wear and consequently to 
an abrasion in the air gap. Thus, high voltage insulation prob-
lems may occur. 

The project FORELMO, funded by the Bavarian Research 
Association, was established, which deal with the whole drive 
train of an EESM. One subproject investigates the energy 
supply of the excitation coil of the EESM by an inductive 
energy transfer system (IETS). This study comprised the 
choice of the DC/DC converter type, the design of the con-
verter as well as the design of its rotary transformer, the con-
trol concept and the estimation algorithm of the excitation 
current and the rotor resistance of the excitation coil. 

This paper presents a Lyapunov-based nonlinear observer 
for the rotor of the EESM as described in [2] with an IETS for 
the rotor excitation energy as presented in [3]. The estimation 
algorithm is important, because it would be a huge effort to 
take measurements on the rotating rotor. The excitation current 
estimation is necessary for control purposes, whereas the esti-
mation of the rotor resistance is needed to protect the EESM 
against overheating. The investigations are done with a stand-
ard electric vehicle traction EESM with the following key data: 

- Max. mechanical engine power: Pengine,max = 60 kW 

- Max. rotational speed: nrotor = 12500 min
-1

 

- DC input voltage range: UBat = 250 V…400 V 

- Max. excitation power: Pexc,max = 2 kW 

- Excitation current range: Iexc = 3 A…16 A 

- Rotor resistance range: Rexc = 7,5 Ω…11,5 Ω 
(over temperature) 

- Rotor inductance range: Lexc = 0,3 H…0,8 H 
(under saturation). 
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II. STRUCTURE OF THE DEVELOPED INDUCTIVE ENERGY 

TRANSFER SYSTEM 

The simplified structure of the IETS is shown in Figure 2. 
The abbreviations mean: 

- Bat – Battery 

- BC – Buck Converter 

- CLL RC – CLL Resonant Converter 

- EC – Excitation Coil 

- Ch – Chopper 

- ResCirc – Resonant Circuit 

- RotTr – Rotary Transformer 

- FB RF – Full Bridge Rectifier 

- SC – Smoothing Capacitor 

- PrimC – Primary Core 

- SecC – Secondary Core. 

 

Figure 2: Schematic structure of the inductive energy transfer system 

A. Converter Concept 

As depicted in Figure 2 the developed IETS is a two stage 
concept consisting of a BC and a CLL RC. The CLL RC oper-
ates with a constant switching frequency fs, which is equal to 
the upper resonant frequency f0. This operating point presents 
a voltage ratio of 1:1. Here, the CLL RC has the lowest 
switching losses [4]. The BC controls the IETS by its duty 
cycle Dbuck. The electrical equivalent circuits of the BC and the 
CLL RC are shown in Figure 3 and Figure 4 with the follow-
ing components: 

1 Connection to the battery (UBat) 

2 DC link capacitor of the BC (CDC,buck) 

3 Chopper of the BC → Control of the IETS by the duty 
cycle Dbuck of the BC 

4 Freewheeling diode 

5 Low pass filter (Lf,buck, C f,buck) 

6 Connection to the CLL RC (ubuck) 

7 Connection to the BC (ubuck) 

8 DC link capacitor of the BC (CDC,CLL) 

9 Chopper of the CLL RC 

10 Resonant capacitor (Cres) 

11 Rotary transformer (Lσ, Lh) 

12 Full bridge rectifier 

13 Smoothing capacitor (Csm) 

14 Excitation coil (Rexc, Lexc). 

 

Figure 3: Electrical equivalent circuit of the buck converter 

 

Figure 4: Electrical equivalent circuit of the CLL resonant converter 

This two stage variant was chosen, because it is almost 
impossible to cover the whole output voltage range of 
7,5 V…120 V (Rexc = 7,5 Ω) with a single CLL RC, which is 
controlled by the switching frequency. The reason for that is 
the small negative slope for high switching frequencies. Be-
side the preferred variant diverse other concepts were investi-
gated, which are summarized in Table I in conjunction with 
their exclusion criteria. 

TABLE I: ADDITIONAL CONCEPTS FOR THE REALIZATION OF THE IETS 

AND THEIR EXCLUSION CRITERIA 

Concept Exclusion Criteria 

Phase Shift Converter 

- Huge voltage overshoot on the 
secondary side 

- Snubber required → Additional 
components on the rotor (resis-
tor and capacitor, preferred var-
iant: only an additional capaci-
tor is needed) → Efficiency de-
creases 

Huge additional reso-
nant inductance as 

described in [5] 

- Significantly larger build space 
required 

Operation concepts: 
CLL RC with phase 
shift operation, CLL 
RC with burst mode 

- Compared to the two stage 
variant: Lower efficiency over 
the whole operational range (cf. 
Figure 5) 

Bat BC CLL RC EC 

Ch ResCirc RotTr FB RF SC 

PrimC SecC 

Rotating Part 

  

 
 

 

  

         1 3 4 5 2 

 

6 

 
 

                    

     

   

 

7 8 9 10 11 12 13 14 



Figure 5 shows the comparison of the efficiency between the 
CLL RC with burst mode, the CLL RC with phase shift opera-
tion and the CLL RC with BC. The CLL RC with BC achieves 
the best efficiency over the whole operational range. The max-
imum reached efficiency regarding to the preferred converter 
concept amounts 93 %, whereas the maximum efficiency of 
the other both concepts remains below 92 %. 

 

Figure 5: Comparison of the efficiency 

B. Rotary Transformer 

Figure 6 shows a principle drawing, the manufactured fer-
rite cores and a FEM analysis of the rotary transformer. The 
detailed description regarding the core geometry, the design 
and measurement results were published in [3]. 

 

Figure 6: a) Principle drawing b) Manufactured ferrite cores c) FEM 

analysis of the rotary transformer 

III. LYAPUNOV-BASED NONLINEAR OBSERVER 

The direct method of Lyapunov is used for the design of the 
nonlinear observer to ensure a stable estimation. Figure 7 
shows its simplified structure. The input parameters are the 
measured output current ibuck and the measured output voltage 
ubuck of the BC. By using the calculated excitation voltage uexc,x 
for the parallel model of the excitation coil the estimated exci-

tation current îexc is determined. The calculated excitation cur-
rent iexc,x serves as reference for the comparison with the excita-

tion current from the parallel model îexc. The dynamics of the 
estimation of the rotor resistance depends on the correction 
factor hR. The outputs of the nonlinear observer are the esti-

mated excitation current îexc and the estimated rotor resistance 

R̂exc. 

 

Figure 7: Simplified structure of the Lyapunov-based nonlinear ob-

server for the estimation of the excitation current and the rotor re-

sistance of the EESM 

A. Nonlinear Model of the Excitation Coil 

The excitation coil, which is represented by an ohmic-
inductive load, possesses a nonlinear system behavior because 
of the excitation current dependent rotor inductance Lexc. Fig-
ure 8 shows measurement results, which quantify the rotor 
inductance for different values of the excitation current. It can 
be seen, that the rotor inductance significantly decreases with 
the increase of the excitation current. At an excitation current 
of 16 A there is a rotor inductance of 0,3 H, which is only 
37,5 % of the maximum value. Hence, this effect is not negli-
gible. 

 

Figure 8: Measurement of the rotor inductance for different values of 

the excitation current 

This effect must be taken into consideration in the mathemati-

cal model and the control algorithm. It follows 

uexc(t)=Rexc(t)∙iexc(t)+ ψ̇exc(t). (1) 

Assuming that Id = 0 A, the magnetic flux ψexc result in 

ψexc(t)=Lexc(iexc(t))∙iexc(t). (2) 

From equation (2) it follows the nonlinear differential equation 

of the magnetic flux 

ψ̇exc(t)= (Lexc(iexc(t))+
dLexc(iexc(t))

diexc(t)
∙iexc(t)) ∙

diexc(t)

dt
. (3) 

For the sake of clarity the time dependency (t) is omitted in the 

further explanations of this paper. Figure 9 shows the compar-

ison of the measured excitation current with the simulated 
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excitation current. It can be seen, that the simulation result 

well reproduces the real progression of the excitation current. 

In consideration of the excitation current dependent rotor in-

ductance, the derived model of the excitation coil creates a 

good basis for the further investigations. 

 

Figure 9: Comparison of the progression of the measured excitation 

current with the progression of the simulated excitation current (step 

of the excitation voltage from 5 V…120 V → 0,56 A…13,2 A) 

B. State Equations 

Now, the state equations can be derived. These differential 
equations treat the rotor resistance Rexc as additional state 
variable beside the excitation current. Hence, an approach is 
created, which allowed the estimation of the rotor resistance. 
With equation (1) and (3) the differential equations for the real 
and the modelled excitation current result in 

diexc

dt
=

1

Lexc(iexc)+
dLexc(iexc)

diexc
∙iexc

∙(uexc-Rexc∙iexc) 
(4) 

and 

dîexc

dt
=

1

Lexc(îexc)+
dLexc(îexc)

dîexc

∙îexc

∙(uexc-R̂exc∙îexc). (5) 

It becomes apparent, that there are different nonlinearities 
regarding to equation (4) and (5). Therefore, a nonlinear ob-
server is required. In the following, it is assumed that the de-
nominators of equation (4) and (5) are equal, because of the 
chosen control method: Here, the exact linearization and the 
trajectory planning are applied [6]. Therefore, the real excita-
tion current and the estimated excitation current will follow 
the reference trajectory in a similar way. Consequently, the 
estimated excitation current is always near the real excitation 
current. To simplify the notation of the following equations 
the denominator is now written as fL. The differential equa-
tions for the real and the modelled rotor resistance result in 

dRexc

dt
=0 (6) 

and 

dR̂exc

dt
=hR∙(iexc-îexc). (7) 

C. Calculation of the Correction Factor hR with the Direct 

Method of Lyapunov 

For the identification of a suitable correction factor hR the 
direct method of Lyapunov is used, which represents a stabil-
ity analysis for nonlinear systems. The general theory for the 
following investigations is explained in detail in [7]. An im-
portant term of this methodology is the equilibrium point, 
which describes the steady state of the estimated parameters. 
For a better understanding equation (7) is considered. Here, 
the rest position is reached, when iexc = îexc. In this case 

Rexc = R̂exc under ideal conditions. From this view it follows 

ei=iexc-îexc (8) 

and 

eR=Rexc-R̂exc. (9) 

The differentiation of equation (8) and (9) and the following 
insertion of equation (4) and (5) respectively equation (6) and 
(7) leads to 

dei

dt
=-

Rexc

fL

∙iexc+
R̂exc

fL

∙îexc (10) 

and 

deR

dt
=-hR∙ei. (11) 

For the equations (8), (9), (10) and (11) a function V(ei,eR) has 
to be found, which comply with the stability conditions of 
Lyapunov. According to [5] it is valid: 

1. V(ei,eR) > 0 for (ei,eR) ≠ (0,0) → positive definite 

2. V(0,0) = 0 → positive definite 

3. V̇(ei,eR) < 0 → negative definite 

The investigated function is  

V(ei,eR)=
1

2
∙a∙ei

2+
1

2
∙b∙eR

2 , (12) 

which is a circle for a = b and an ellipse for a ≠ b. These two 
factors are freely selectable and serve for the adjustment of the 
dynamic of the nonlinear observer. It can be seen, that the 
stability conditions 1. and 2. are applicable for a > 0 and b > 0. 

The next step is the observation of V̇(ei,eR). It follows 

V̇(ei,eR)=a∙ei∙ėi+b∙eR∙ėR. (13) 

The insertion of equation (10) and (11) results in 

simulated 

measured 



V̇(ei,eR)=- (a∙
iexc

fL

+b∙hR) ei∙eR-a∙ei
2∙

R̂exc

fL

. (14) 

With the correct choice of hR equation (14) can be simplified 
to one term. Therefore, the first term of equation (14) is set to 
0 and gets converted to hR, which leads to 

hR=-
a

b
∙
iexc

fL

. (15) 

The insertion of equation (15) in equation (14) results in 

V̇(ei,eR)=-a∙ei
2∙

R̂exc

fL

. (16) 

Stability condition 3. is fulfilled for R̂exc > 0 and a > 0. But it 

can be seen, that V̇(0)=0. Therefore, V̇ is only negative sem-
idefinite. This means, that the equilibrium point is stable, but 
not asymptotically stable according to Lyapunov. With the aid 
of LaSalle’s invariance principle [8] the asymptotic stability of 
the equilibrium point is proved. This principle will not be 
discussed in detail here. 

IV. SIMULATION 

In theory, the stability conditions of Lyapunov for equation 
(11) and (15) are fulfilled for the defined boundary conditions. 
However, an uncertainty exists, because of the equated de-
nominators of equation (3) and (4). Hence, the simulation shall 
give information about the performance of the designed non-
linear observer in conjunction with the calculated correction 
factor hR. 

A. Simulink Model 

Figure 10 shows the Simulink model of the nonlinear ob-
server consisting of the parallel model of the excitation coil, 
the rotor resistance estimation and the calculation of the calcu-
lated excitation current iexc,x (green marked area), which is not 
used in the simulation. 

 
Figure 10: Simulink model of the Lyapunov-based nonlinear observer 

The calculated excitation current is determined by the power 
balance of the CLL RW with the measured output voltage 
ubuck,meas and the output current ibuck,meas of the BC, the efficien-

cy ηCLL of the CLL RW and the calculated excitation voltage 
uexc,x. Thus, it follows 

iexc,x=
ubuck,meas

uexc,x

∙ibuck,meas∙ηCLL
. (17) 

Figure 11 presents the Simulink model of the parallel 
model of the excitation coil with the nonlinearity due to the 
excitation current dependent rotor inductance (blue marked 
area), which is described by the denominator of equation (3) 
respectively equation (4). 

 

Figure 11: Simulink model of the parallel model of the excitation coil 

The nonlinearity comprised the function of the absolute rotor 

inductance Lexc(îexc) and the function for the differential rotor 

inductance dLexc(îexc)/dîexc, which are determined by the poly-
nomial interpolation according to Newton. 

In Figure 12 the Simulink model of the rotor resistance es-
timation is shown. The calculated correction factor hR (equa-
tion 15) is a part of this model (orange marked area).  

 

Figure 12: Simulink model of rotor resistance estimation 

B. Simulation Results 

In Figure 13 a simulation result of the calculated nonlinear 

observer for various initial values îexc(0) and R̂exc(0)  is shown. 
It can be seen, that the progression of the estimated parameters 
(orange) converges to the true values (green) with Lyapunov 
stability. 
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Figure 13: Simulation result of the Lyapunov-based nonlinear ob-

server for different initial conditions 

Figure 14 shows the simulation result of the exact lineari-
zation and the trajectory planning for a reference step of the 
excitation current from 3 A to13 A for the maximum excita-
tion power Pexc,max = 2 kW and a rotor resistance Rexc = 11,5 Ω. 

 

Figure 14: Simulation result of the exact linearization and the 

trajectory planning (1 – Defined excitation voltage boundary of 

170 V, 2 – Max. reachable excitation current for Pexc,max = 2 kW and 

Rexc = 11,5 Ω) 

V. HARDWARE COMPONENTS OF THE INDUCTIVE ENERGY 

TRANSFER SYSTEM AND POWER ELECTRONICS 

Figure 15 shows an exploded drawing and the hardware 
components of the IETS with the components for the integra-
tion in the EESM: 

1 Heat sink with back mounted full bridge rectifier and 
smoothing capacitor 

2 Housing for the protection of the rotating electronics 

3 Adapter sleeve 

4 Secondary ferrite core (rotating part of the transformer) 

5 Clamping ring for the primary ferrite core 

6 Primary ferrite core (fixed part of the transformer) 

7 Rotor shaft with DC connection of the excitation coil 
(on the photo the rotor is extended → the line shows 
the place where the rotor normally stuck out) 

8 End shield of the EESM. 

 

Figure 15: Exploded drawing of the IETS with the components for 

the integration in the EESM 

Figure 16 shows the power electronics hardware of the 
IETS. It is connected to a dSpace realtime control system with 
the implemented Simulink model (controller, nonlinear 
observer etc.) by CAN bus to send and receive signals, for 
example the estimated excitation current (send) and the 
nominal value of the excitation current (receive).  

 

Figure 16: Power electronics of the inductive energy transfer system 

(1 – CLL RC, 2 – BC) 

VI. MEASUREMENT RESULTS 

The measurement results are divided in the sections Meas-
urements in the Laboratory and Measurements on the Engine 
Test Bench. In the laboratory it is possible to measure the 
excitation current and the rotor resistance for a comparison 
between the real and the estimated values. Thus, the control 
method can also be tested (trajectory generator, exact lineari-
zation, current controller for the excitation current, voltage 
controller for the output voltage of the BC). On the engine test 
bench the EESM can operate with a rotating rotor. Therefore, 
no load characteristics and torque measurements for different 
values of the excitation current can be made to make a com-
parison between the conventional EESM and the EESM with 
an IETS and a nonlinear observer. Thereby, it is possible to 
give a statement regarding to the accuracy of the excitation 
current and the generated torque. 
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A. Measurements in the Laboratory 

Figure 17 and Figure 18 present the comparison of the real 
and the estimated excitation current as well as the comparison 
of the real and the estimated rotor resistance. The relative 

deviations for îexc and R̂exc regarding the maximum excitation 
current of 16 A are 2,96 % and -3,75 %. Hence, the nonlinear 
observer operates with a sufficient accuracy. 

 

Figure 17: Estimation of the excitation current 

 

Figure 18: Estimation of the rotor resistance 

In Figure 19 the increase of the estimated rotor resistance 
within 300 s due to a constant excitation current of 8 A is 
shown. The increase of the temperature leads to an increase of 
the real respectively the estimated rotor resistance, which 
causes a higher excitation voltage to retain the desired excita-
tion current. 

 

Figure 19: Increase of the estimated rotor resistance due to a constant 

excitation current of 8 A 

Figure 20 shows a simulation result for the designed con-
trol method for a reference step of the excitation current from 
3 A to16 A for a rotor resistance Rexc = 8 Ω. 

 

Figure 20: Comparison of the measured excitation current and the 

measured excitation voltage with their reference trajectories from the 

trajectory generator 
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With the aid of the developed trajectory generator and the 
exact linearization a good accordance between the measured 
signals and the reference trajectories is achieved. 

B. Measurements on the Engine Test Bench 

Figure 21 shows the comparison of the no load characteris-

tics of the conventional EESM (o) and the EESM with an 

IETS and a nonlinear observer (x) to test the estimation cur-

rent excitation. The parameter nTB is the rotational speed at the 

driven end. Between the drive machine and the driven ma-

chine there is a gear ratio of 9,4, which has to be multiplied 

with nTB to get the rotational speed of the rotor. This compari-

son shows, that there is a good accordance of the measured no 

load characteristics. However, the accuracy of the estimation 

current slightly decreases for higher rotational speeds, because 

the designed nonlinear observer does not consider nTB respec-

tively nrotor. 

 

Figure 21: Comparison of the no load characteristics for different 

rotational speeds of the engine test bench to test the estimation of the 

excitation current – Conventional EESM (o), EESM with an IETS 

and a nonlinear observer (x) 

In Figure 22 the comparison of the measured torque of the 
conventional EESM (o) and the EESM with an IETS and a 
nonlinear observer (x) for a rotational speed nTB = 250 rpm 
and different values of Iq is shown (Id = 0 A for all measured 
operating points). It can be seen, that there is a high accuracy 
achieved. The maximum deviation amounts -0,62 % for 
Iq = 133 A and -1,54 % for Iq = 266 A. 

 

Figure 22: Comparison of the measured torque for a rotational speed 

nTB = 250 rpm and different values of Id - Conventional EESM (o), 

EESM with an IETS and a nonlinear observer (x) 

VII. CONCLUSION 

A Lyapunov-based nonlinear observer for the estimation of 
the excitation current and the rotor resistance of an EESM 
with an IETS has been designed. Regarding the maximum 
excitation current of 16 A, the designed estimation algorithm 
achieves an accuracy of more than 96 %. Therefore, this is a 
satisfactory result. With the development of the described 
IETS the slip rings of the EESM can be removed. There is no 
mechanical wear respectively abrasion in the air gap and con-
sequently, there are no high voltage insulation problems by 
using this contactless method. 
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