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This paper introduces a novel, advanced approach to evaluate and benchmark different types of state-of-the-art

rotor position sensors for electric drive train systems. It has been well recognized that the reduction of overall

emissions produced by transportation systems plays an important role. Cars containing an electrical powertrain

are getting more and more widespread in different markets worldwide. Research nowadays is concerned with

developing more ef􀅫icient electri􀅫ied powertrain systems that can reduce CO2- and harmful emissions. For an ef􀅫i-

cient and optimized motor control, it is crucial to measure the electric machine's exact rotor angular position and

speed. The state-of-the-art rotor position sensor technology used in electric drive trains represents the resolver,

which is the investigated sensor type in this research work. To 􀅫ind the most suitable resolver type for a speci􀅫ic

powertrain application and so to optimize the overall propulsion control, various kinds of multispeed resolvers

from differentmanufacturers are gauged regarding electrical parameters, that the producer does not de􀅫ine by de-

fault. Electrical measurement principles are applied, e.g. to determine the sensor’s input and output impedance,

establish the transfer function based on the transformer equivalent circuit, specify the phase delay, and the elec-

trical characteristic's temperature behavior. These evaluations are done on a unique, highly accurate sensor test

bench and extend the state-of-the-art rotor position sensor characterization [1-4]. The mentioned test bench en-

ables to gauge various kinds of sensors under different mechanical-, speed- and temperature conditions. The new,

advanced approach enables a detailed determination of all relevant sensor parameters that are needed to operate

an ef􀅫icient motor control. Furthermore, the methods supports detailed benchmark with the target to determine

the most accurate resolver. In addition, the resulting knowledge of the sensor parameters enables further innova-

tive investigations e.g. to determine indirect measured quantities.

© 2019 The Author(s). Published by TAF Publishing.

I. INTRODUCTION

Modern society thinking has changed in the past decades

to a healthier and more economic lifestyle. This mindset

also impels the automobile industry to develop and offer

resource-ef􀅫icient mobility in both individual and public

transportation. Research responded to this demand with

solutions such as Plug-In Hybrid Electric Vehicles (PHEVs)

and Battery Electric Vehicles (BEVs). PHEVs for example

achieve fuel savings of 20-50%, when running in urban en-

vironment [1, 2, 3, 4]. Due to the fact, that an Internal Com-

bustion Engine (ICE) is operating along the electric drive,

a driving range can be reached that is at least equal to a

purely fossil driven vehicle. Regarding BEVs, driving range

still can be increased when comparing it to PHEVs or con-

ventional cars, whichwill lead to an increase in sales ofBEVs

as well. Focusing on individual mobility, the average con-

sumer desires a similar range capability, why research is fo-

cused nowadays on the storage of electric energy onboard.

Another approach is to increase the overall ef􀅫iciency of the

electric drive train system. For both applications PHEVs and

BEVs, precise torque and speed control is crucial to achieve:

• A maximum of driving ef􀅫iciency, which results in an in-

creased driving range

• Comfort by reducing torque ripple

• Maintaining functional safety-relevant issues

To accomplish a proper synchronization between 􀅫lux and
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current vector in the electric motor control, an accurate ro-

tor position detection sensor system is required. Besides

Hall-based encoder rotor position sensors [5, 6], resolvers

are widely used in automotive applications as the state-

of-the-art sensor, hence they are robust, durable and ac-

curate [7, 8, 9]. The main focus of this paper is to sup-

port the design process of an electric drive train system

for both, PHEVs and BEVs by gauging different resolver ro-

tor position sensors in respect to their electrical charac-

teristics (e.g., impedance, parasitic effects, phase- and tem-

perature behavior, etc.). This experimental investigations

support a deep understanding in resolver technologies and

enable to optimize the Resolver-to-Digital (R2D) interface

[10, 11] within the powertrain’s Electronic Control Unit

(ECU), which helps to select the most suitable resolver for a

speci􀅫ic application. This leads to an overall increase of the

electric drive control ef􀅫iciency.

A. State of the Art Electric Drivetrain

The typical electric drivetrain system including a Perma-

nentMagnet SynchronousMachine (PMSM) consists of four

main components (Figure 1): the battery, an ECU including

the power electronics, a position sensor and the electricma-

chine. Generally, the system provides a closed-loop based

architecture, which means that the ECU controls the elec-

tric machine under consideration of the rotary shaft posi-

tion feedback. The sensor system (e.g., resolver and R2D) is

related to the lowvoltage section of the powertrain. Themi-

crocontroller (µC)within theECUgenerates the input signal

(see excitation signal in the following subsection) and feeds

it into the resolver position sensor. The sensor feedback

signals, which contain the angular information, are routed

back to the R2D unit of the µC. Previous studies and opti-

mizations regarding the sensor signal 􀅫low chain have been

performed in [11, 12, 13]. When designing the sensor’s

interface of the ECU, it is crucial to have exact knowledge

of the resolver’s electric behavior. This enables to develop

an electronic driver stage that is most suitable for optimal

powering the resolver and to design the Analog Front-End

(AFE) e.g., 􀅫ilters, for getting the maximum information out

of the resolver feedback signals for later angular determina-

tion. Hence, the design process shows that it is not always

usual to have access to all electric parameters of a resolver,

the present paper targets exactly these missing parameters

to enable both, a full knowledge of the resolver’s character-

istic and the capability to optimize the sensor interface (ex-

citation stage and AFE).

Fig. 1. State of the art BEV drivetrain architecture

B. Resolver Position Sensor

As stated above, the resolver is commonly used as the state-

of-the-art rotor position sensor in electric drivetrains for

automotive applications. A Variable Reluctance (VR) re-

solver consists of three coils, which are described in the fol-

lowing, supported by a graphical representation in Figure 2.
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Fig. 2. VR resolver [14]

Because the VR resolver can be stated as a rotating trans-

former, the primary winding, which is operating as a trans-

mitter, couples an electric 􀅫ieldwith a high frequency of sev-

eral Kilohertz (kHz) into the rotor. This 􀅫ield is generated by

a sinusoidal excitation signal, that is applied on the primary

coil by an electrical voltage Uexc, stated in (1). The men-

tioned rotor consists of a stamped, ferromagnetic material.

The electric 􀅫ield, which is provided by the primarywinding

(excitation coil) is coupled through the shape of the rotor.

The other two coils are operating as receiver coils, whereby

they are mechanically displaced by an angle of 90o. Due to

that, one coil is the so-called sine-coil and the other one is

the cosine-coil. The receiver coils detect, depending on the

position of the rotor, a sinusoidal voltage Usin and Ucos as

in (2) and (3). As the rotor spins, an amplitude modulated

voltage can be measured on both receiver coils (sine- and

cosine coil), including the excitation signal (carrier signal)

[14, 15, 16].

Uex = A · sin(ωt) (1)

Usin = kA · sin(ωt) · sin(θ) (2)

Ucos = kA · sin(ωt) · cos(θ) (3)

For further analysis, the resolver needs to bedescribed elec-

trotechnically in the form of an equivalent circuit. Since

the resolver can be considered as a rotary transformer, the

equivalent circuit is similar, stated in Figure 3. Fundamental

studies in this 􀅫ield have been made, e.g., in [17].

Fig. 3. Equivalent circuit for a VR resolver [17]

Both, the resistorR1 and the inductanceL1 describe thepri-

mary (excitation) path, whereas the resistorR2 and the in-

ductanceL2 represent the secondary circuit (sine- or cosine

coil). In between of both sides, a linking inductance is rep-

resentedbyLm, which canbedeterminedby the inductance

of both sides. Lm provides the information about the trans-

formation ratio k. The resistance Rm depicts the magnetic

losses. Under consideration of Rm >> |Lm|, the further

losses canbeneglected. Theequivalent circuit is terminated

by a termination resistorRL.

II. DETERMINATION OF THE ELECTRIC SENSOR

CHARACTERISTICS

To investigate the resolver’s behavior as a black box, the

components of the equivalent circuit will be determined in
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the following. All shown measurements and calculations

are performed exemplarily on a resolver with three pole

pairs manufactured by [18]. For that reason, this resolver

is denoted as “Tamagawa 3x”.

A. DC Analysis

To determine the Ohm’s wire resistor of the respective coil

(excitation, sine, cosine), the inductance is supplied by aDC-

Voltage, shown in Figure 4. The measurand is the current.

According to the Ohm’s law (4), the Ohm’s resistance can be

established, exempli􀅫ied in Table 3.

R =
UDC

IDC
(4)

Fig. 4. Schematic of the DC analysis using real coil description (R + L)

TABLE 1

VALUES FOR DC ANALYSIS

Set Measured Calculated

UDC [V] IDCC [mA] R [Ω]

Excitation coil 7 734 9.54

Sine coil 7 520 13.46

Cosine coil 7 470 14.89

B. AC Analysis

Applying an AC-voltage and a certain frequency, the total

impedance of the respective coil can be determined. Volt-

age amplitude and frequency are chosen to be equal to the

manufacturer’s input speci􀅫ications. Due to the fact, that the

inductance is non-ideal, the impedance can be described by

(5) as follows.

ZL = R+ jXL (5)

Based on the measurement setup shown in Figure 5, the

impedance can be established according to (6). The results

are illustrated in Table 2.

ZL =
UAC

IAC
(6)

Fig. 5. Schematic of the AC analysis.

TABLE 2

VALUES FOR AC ANALYSIS

Set Measured Calculated

U [Vpp] f [kHz] UAC [V] IAC [mA] ZL [Ω]

Excitation coil 20 10 5.55 69.54 79.81

Sine coil 20 10 6.36 46.35 137.22

Cosine coil 20 10 6.34 45.44 139.52
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C. Further Electrical Sensor Parameters

Based on the previous determined parameters R and Z, the

remaining electrical parameters, which describe the sensor

electrically can be determined.

The inductive reactance XL deviates from transforming

Equation (6).

|ZL|2 = R2 +X2
L (7)

X2
L = |ZL|2 −R2 (8)

XL =

√
|ZL|2 −R2 (9)

By substituting XL and ω

XL = ωL (10)

ω = 2π ∗ f (11)

The inductance L can be determined as follows:

L =

√
|ZL|2 −R2

2π ∗ f
(12)

Table 3 shows the additional arithmetical determined sen-

sor parameters.

TABLE 3

FURTHER DETERMINED ELECTRIC PARAMETERS

Measured Measured

UAC [V] IAC [mA] UDC [V] IDC [mA] ZL [Ω] R [Ω] L [Ω]

Excitation coil 5.55 69.54 7 734 79.81 9.54 1.26

Sine coil 6.36 46.35 7 520 137.22 13.46 2.17

Cosine coil 6.34 45.44 7 470 139.52 14.89 2.21

Another essential parameter is the coupling inductivityLm.

By applying the transformation ratio k and both inductivi-

ties L1 and L2, the coupling inductivity can be determined

as follows, whereby L1 represents the excitation windings

and L2 represents either sine or cosine windings.

Lm = k ∗
√
L1 ∗ L2 (13)

The transformation ratio can be determined by the manu-

facturer speci􀅫ications or bymeasuring the voltage ratio be-

tween input- and output voltage (e.g., excitation to cosine).

D. Transfer Behavior (Bode)

By applying the Two-port-Network Theory [19, 20], the

transfer behavior of the sensor can be established. By us-

age of the equivalent circuit (Figure 3), the polynomial form

arises to (13).

Figure 6 graphically represents the result of the transfer

function using a bode plot.

G(S) =
s ∗ Lm ∗RL

s2 (L1L2R1 + L1LmR1 + L2LmR1) + s (L1R2 + LmR2 + L2RL + LmRL + L1 + Lm) +R1R2 +R1RL
(14)

Fig. 6. Transfer function of the 3x Resolver for cosine path at θ = 0o.
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Upper Figure 6 shows the transfer function of the cosine

output path at a mechanical and electrical position of θ =

0o. The red cursor in the bode plot represents the operat-

ing frequency of fexc = 10kHz. The diagram shows that the

resolver sensor acts as a 􀅫irst order bandpass 􀅫ilter. The cut-

off frequencies are fc,1 = 8 45Hz and fc,2 = 65.4kHz. Because

the frequency fexc is within these frequencies, it is proven

that the resolver operates in a stable range and the phase

displacement is ≈ 0o. To validate the mathematical model,

the resolver was electrically simulated in PSpice [21] with

the measured parameters. Figure 7 represents the simu-

lated equivalent circuit for the cosine output, while Figure 8

illustrates the amplitude- and phase response. The funda-

mental parameters for the simulation stem from the previ-

ous analysis (see Table 3).

Fig. 7. Simulated sensor based on the equivalent circuit for the cosine path

Fig. 8. Bode plot of the resolver’s electrical simulation in PSpice

When comparing the results of the mathematical model in

Figure 6 with the electrical simulation in Figure 8, it can be

seen that apart from slight deviations both, the mathemat-

ical representation and the electric model, based on per-

formed measurements, correspond to each other. To ver-

ify the resolver’s electrical phase, a sinusoidal voltage is ap-

plied on the excitation input. The phase shift between the

sinusoidal input and output voltage is measured with an

oscilloscope. By varying the input frequency fexc a phase

shift of φ = 0o can be found. For the exemplary resolver,

this point occurs at fexc = 9.765kHz, which deviates slightly

from the manufacturer’s speci􀅫ications of fexc = 10kHz as

also stated in the bode diagrams. In this way, the ideal op-

erating point of this resolver can be easily determined by

these methods and set in an ECU.

E. Parasitic Effects

One way to explain the slight discrepancy between mea-

surements and simulation results includes the parasitic ef-

fects that appear in each electronic component. For most

of the electrical dimensioning cases, these effects are ne-

glected, hence the in􀅫luence is low. For a detailed analysis

it is crucial to consider the parasitic effects of the rotor

position sensor in an electric drive train. That enables to

develop an optimal setup for a speci􀅫ic powertrain applica-

tion. In the following subsequence, the parasitic effects of

the exemplary resolver are studied.
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When considering a real inductance, a further component

beside of the Ohm’s proportion appears in form of a para-

sitic capacity. This is because each electrical conductor also

contains a small capacity part. The parasitic capacity can

be represented in the equivalent circuit in a parallel con-

nection to thewire resistance R and the inductive reactance

L. The capacity of interest can be determined bymaking use

of the parallel resonant circuit’s characteristic. Every reso-

nant circuit has, depending on the order, at least one reso-

nant frequency f0. By applying a frequency sweep, the reso-

nant frequency f0 can be identi􀅫ied, which enables to deter-

mine the desired capacity based on calculations performed

in the subsequence Further electrical sensor parameters.

Figure 9 illustrates the measurement setup.

Fig. 9. Measurement setup to identify the parasitic capacity

For each output path (sine and cosine), the capacity was de-

termined separately. As stated, the frequency of the sinu-

soidal voltage is varied until the measured voltage reaches

a maximum. This is where the resonance occurs at f0. The

equations (14) to (5) outline the establishment of the para-

sitic capacity, while Table 4 shows the determined capacity

values for each coil.

f0 =
1

2π ∗
√
LC

(15)

C =
1

4π2 ∗ f2
0 ∗ L

(16)

TABLE 4

PARASITIC CAPACITY VALUES DETERMINED

Set Measured Calculated

Vpp [V] VRMS [V] f0 [kHz] C [pF]

Excitation coil 20 6.953 457 96.11

Sine coil 20 6.904 77 2000

Cosine coil 20 6.918 73 2000

By transferring the parasitic effects into the resolver’s

equivalent circuit (Figure 10), the transfer function can be

described as stated in (16). This description leads to the

bode plot in Figure 11 (orange line).

G(s) = (s ∗ Lm ∗RL) /
(
s4 (C1C2L2LmR1R2 + C1C2L2LmRRRL)

+s3 (C2L2LmR2 + C2L2LmRL + C1C2L1L2R1R2 + C1C2L1L2R1RL)

+s2 (C1LmR1R2 + C1R1RLLm + C2L2R1R2 + L2C2R1R2 + C2R1R2Lm

+s (R2Lm +RLLm + C2LmR1R2 + L1C1R1R2 + L1C1R1RL + L2 + 2Lm)

+R1R2 +R1RL)

(17)

Fig. 10. Complete equivalent circuit of the resolver including parasitic ef-

fects on primary and secondary windings
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Fig. 11. Comparison of parasitic and non-parasitic effects in the transfer function,

represented graphically in a bode plot

The resonance at f0 = 70kHz can be clearly seen in Figure 11

(peak of the orange line). It can also be seen, that the behav-

ior of the sensor’s band pass 􀅫ilter characteristic changes

from 􀅫irst order to fourth order, due to a higher damping

characteristic (D ≈ 40dB/decade) in the low pass area.

Further, the phase turns to φ = −180o. When considering

the operating point of the resolver (red horizontal marker

in Figure 11), the parasitic effects do not have a big in􀅫lu-

ence on the resolver’s behavior.

The introducedmethod enables to evaluate the parasitic ef-

fects of the resolver and to decide, whether these effects

have an in􀅫luence on the sensor’s performance or not. With

this information, the excitation frequency can be adjusted

to optimize the sensor system.

F. Amplitude Response

Hence the rotary part of the resolver is in motion while

operating the drive train system, this section introduces a

method to investigate the amplitude response under con-

sideration of rotation. The main difference between this

method and the previous investigations is, that now the co-

sine is not at a maximum anymore (θ≠0o). For this analysis,

the bode plot is again the tool of interest. By varying the ab-

solute rotary position, the transformation ratio k (17) can

be determined, which enables to evaluate the transfer func-

tion for any rotary position, since the transformation ratio

k is an essential component of the coupling inductivity, see

(12).

k =
Uout

Uin

=
Usin

Uexc

=
Ucos

Uexc

(18)

Note that all investigated resolvers, including the exemplary

type, are multipole resolvers. For that reason, only one

electrical revolution, which depends on the number of pole

pairs, is investigated in this work. If the resolver has a pole

pair amount of e.g., three, the electrical revolution repeats

every θmech = 120o. So, in three electrical revolutions, one

mechanical revolution is completed. As illustrated in Fig-

ure 12, the bandpass 􀅫ilter characteristic is unchanged over

an electrical revolution. However, an amplitude damping

occurs depending on the rotary position, while the phase

behaves as expected from slight deviations over the full fre-

quency range. The higher damping ofD = −40dB (see Fig-

ure 12: light blue and light green) appears at those rotary

positions, where the cosine coil absorbs theminimal excita-

tion voltage Uexc. Considering an ideal resolver, the damp-

ing factor D is assumed as in􀅫inite.

Fig. 12. Exemplary bode plot of the amplitude- and phase response for the cosine

resolver output under different electric angular positions
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Theprevious investigationassumedan idealmechanical ad-

justment of the resolver’s rotor and stator. In succession,

the rotor is displaced in respect to the stator on a dedicated

rotor position test bench [11, 12, 13, 14] at the Institute

of Automotive Engineering Graz [22]. The investigations

of the amplitude response under misaligned conditions are

performed within a range of x = y = ±0.25mm. Hence

the receiver coils sine and cosine are displaced in relation to

the theoretical center point (sweet spot), the magnetic 􀅫lux

within the resolver is changing when passing from the exci-

tation coil through the shape of the rotor. For that reason,

the transformation ratio changes signi􀅫icantly compared to

the initial position (see Figur 13).

Fig. 13. Exemplary investigated threepole resolverwith coordinate system formisalignment (le.); trans-

fer ratio over mechanical angle in initial- and misaligned position (ri.)

For the sake of completeness, Figure 14 illustrates the

amplitude- and phase response for a positive offset x = y =

+0.25mmbasedon the transformation ratiomeasurements.

It has to be noted, that there is no big difference compared

to the initial position (Figure 12), hence these changes do

not affect the bandpass 􀅫ilter behavior in a major way.

Fig. 14. Bode plot of the resolver’s transfer function on cosine output coil with a

positive mechanical offset of x = y = +0.25mm

G. Phase Analysis

The former analysis followed up with investigating the am-

plitude response under certain conditions. Because slight

phase deviations can occur (see Figure 12 and Figure 14), it

is crucial to examine the resolver’s phase behavior in both,

static and operational conditions. The phase analysis re-

sults can be used for further investigations, e.g., to analyze

and compensate delays and runtime errors in the complete

measurement chain of the sensor system. The following

section introduces three experimental methods regarding

phase relation analysis in operationalmode based on previ-

ous research in this 􀅫ield [23, 24]. State-of-the-art measure-

ment equipment e.g., oscilloscopes with integrated phase

measurement algorithms are unsuitable, since the cost fac-
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tor plays an important role and the applied online algo-

rithms are not compatible with amplitude modulated sig-

nals unless it is possible to extract the envelope signal out

of the sensor signal. The latter can only be achieved if exact

knowledge about the carrier signal is guaranteed. When the

rotary part of the resolver is rotatingwith the angular speed

of the electric machine’s shaft, the analog sensor feedback

signals deliver an amplitude modulated AC signal with a

carrier frequency equal the excitation frequency e.g., fexc
= 10kHz. The overall frequency of the amplitudemodulated

signal is corresponding with the electrical rotational speed

of the resolver and can be converted easily to the mechani-

cal speed in consideration of the sensor’s pole pairs. Since

the overall frequency (e.g., electrical rotational frequency)

can be a multiple higher than fexc, fast electronics switch-

ing times are required [11, 12].

1) Phase determination using XOR-gate: With thismethod,

twophase shifted sinusoidal signals are converted in square

wave signals by the use of a comparator. The comparator

outputs are fed into an XOR-gate, which generates an Puls

WidthModulated (PWM) signal. In case of a higher duty cy-

cleD, the phase shift between the input signals increases. Is

the duty cycle lower, the phase shift is lower. A duty cycle

of D=0%means no phase shift at all (both signals are syn-

chronous). To validate the PWM signal, a Low Pass Filter

(LPF) is used, providing a smoothed output voltage. This

output voltage is proportional to the phase shift of the in-

put signals. Figure 15 exempli􀅫ies the blockdiagramand the

signals. Both, the reference signal (e.g., carrier signal) and

the measurement signal (e.g., resolver cosine output) are

fed into one comperator per signal path. In the present ex-

emplary application, a fast Operational Ampli􀅫ier (OPAMP)

with an open collector output is used as the mentionted

comperator type [25]. The applied XOR-gate has the prop-

erty of fast reaction times [26]. The 􀅫ilter at the output of

the XOR-gate contains a multiple set of 􀅫irst-order LPFs to

achieve an appropriate high damping.

Fig. 15. Block diagram of the phase measurement setup us-

ing a XOR-gate

Fig. 16. Results of phase analysis using XOR-gate: a) Sinusoidal input signal

(yellow); Comparator output (cyan) – triggering the positive half

period of the sine wave. b) Output of the XOR-gate (magenta) –

shows phase shift of the reference- and measurement input signals

(yellowand cyan). c) to e)Output of theXOR-gate (magenta) and 􀅫il-

tered phase deviation signal (cyan) – the voltage level changes in re-

spect to the phase shift. f) Phase shift measurement while resolver

rotation: voltage jumps toUphase ≈ 2V are caused by a phase turn

of ϕ = 180o in the amplitude modulated sensor feedback signal

(high time must be ignored in this case).

Now that a phase shift depending voltage is generated by

thedeveloped circuit, this voltageneeds tobe allocatedwith

a certain, occurring phase shift. For that reason, the circuit

is fed with a sinusoidal signal (measurement signal) per-

forming a phase delay sweep to generate a look-up table for

later measurements. According to (18), based on the signal

time delay ΔT, the phase delay (also called phase lag) can

be determined. Table 5 represents the resulting phase shift
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look-up table representing the input delay with respect to

the reference signal in [ns], the resulting phase lag in [o] and

the corresponding circuit’s output voltage in [mV].

ϕ = 360◦ ∗ f ∗∆T (19)

TABLE 5

PHASE SHIFT LOOK-UP TABLE

Phase-Shifted Input Output Voltage[mV]

∆T [ns] Phase lag [o]

350 1.26 83

500 1.8 98

750 2.7 128

1000 3.6 158

2000 7.2 281

3000 10.8 389

4000 14.4 499

5000 18 588

7500 27 824

10000 36 1081

Subsequently, the determined output voltage, which is ac-

cording to the phase shift, can be graphically illustrated by

a reference curve, shown in Figure 17. It can be seen, that

the phase depending voltage and so the circuit, have a linear

behavior. Both, the look-up table (see Table 5) and the ref-

erence curve (see Figure 17) can be used to determine the

phase delay of an arbitrary measured input signal.

Fig. 17. Phase depending output voltage of the XOR-gate-

based phase measurement method

For static, non-rotational analysis, the introduced method

enables a precise phase lag determination. It seems, that

this approach is suitable for gauging the resolvers output

signal phase deviation with respect to the input signal. As

stated in Figure 16, the phase information voltage toggles

while the resolver is operating in rotation. This is caused

by the amplitude modulated resolver feedback signal. Cer-

tainly, it can be taken into account to only validate one half-

period of themeasurement signal. For that reason, a second

mathematical approach is investigated and described in the

following.

2) Phase determination usingmultiplication of two signals:

Two sinusoidal signals can be multiplied as stated in (19).

Considering the time course of both, the reference signal

Sref (t) (20) including the phase shift∆ϕ and the measure-

ment signal smes(t) (21), the multiplication results in p(t)

(22).

sin(α) ∗ sin(β) = 1

2
[cos(α− β)− cos(α+ β)] (20)

sref (t) = Aref + sin(ωt) (21)

smes(t) = Ames ∗ sin(ωt−∆ϕ) (22)

p(t) =
Aref ∗Ames

2
[cos(ωt−ωt+∆ϕ)−cos(ωt+ωt−∆ϕ)]

(23)

=
Aref ∗Ames

2
[cos(∆ϕ)− cos(2 ∗ ωt−∆ϕ)]

Therefore, the resulting output signal p(t) consists of an os-

cillation having the doubled frequency, including a direct

component in form of a cosine function. This cosine func-

tion contains the phasing information. To remove the irrel-

evant oscillations, a LPF can be used. In case both signals

are in phase, the output signal p(t) (also Uphase) reaches

its peak value. However, to provideUphase = 0V in this sce-

nario, one signal is shifted byϕ=90o, see (23) and (24) [23].

p(t) = sin(α) ∗ sin (β + 90◦) = sin(α) ∗ cos(β) (24)

=
1

2
[sin(α− β)− sin(α+ β)]

p(t) =
Aref ∗Ames

2
[sin(∆ϕ)− sin(2 ∗ ωt−∆ϕ)] (25)

By using the previously established look-up table (Table 5)

and reference curve (Figure 17), the phase shift can be in-

terpreted. The main difference and advantage compared to

the previousmethod (see Figure 15) is the great linearity in

the range of ϕ = 0o. Slight deviations can so be detected at

once.

Forpractical realization, illustrated inFigure18, a hardware

based all-pass 􀅫ilter is used as phase shifter at the refer-

ence signal. The multiplication of both sinusoidal signals

is achieved by a hardware analogmultiplier [27]. As before,
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the output of the multiplier is 􀅫iltered by a LPF. Figure 19

shows exemplary the results for both in-phase signals and

phase shifted signals.

Fig. 18. Block diagram of the phase measurement setup us-

ing a multiplier

Fig. 19. Phase depending output voltage (cyan) of multiplier circuit, measurement

signal (magenta), reference signal (yellow): Uphase = 0V when∆ϕ = 0o

(le.); Uphase ≈ 700mV when∆ϕ ≈ 20o (ri.)

Note that in case of rotation an additional factor cos(θ) is

added to the output voltage Uphase when multiplying an

amplitude modulated resolver feedback signal by a refer-

ence signal with fref = constant and Aref = constant, see

(25) and (26). By extracting the electrical rotational fre-

quency of the resolver θ, the phase shift can be determined.

Hence, this can require much computational power, a third

approach is investigated, introduced in the following sec-

tion.

p(t) = cos(θ) ∗ sin(α) ∗ sin (β + 90◦) (26)

= cos(θ) ∗ sin(α) ∗ cos(β)

= cos(θ) ∗ 1

2
[sin(α− β)− sin(α+ β)]

p(t) =
Aref ∗Ames

2
[sin(∆ϕ)− sin(2 ∗ ωt−∆ϕ)] (27)

3) Phase determination by approximation: Another option

to determine the phase deviation for both, static and rota-

tional operation is tomeasure the resolver’s input- and out-

put signal’s transit time difference. By making use of (18),

a phase shift Δϕ can be determined. In addition, the bode

plot of themeasured transfer function (e.g., Figure12orFig-

ure 14) supports the phase shift analysis at rotational op-

eration. Figure 20 exemplary illustrates a rotational phase

shift measurement based on this method. The data derives

from both, transit time difference measurements and the

bode plot. For further investigations, the mean value of the

phase shift is determined (see black line, Figure 20). For

the purpose of validation, the sensor’s phase deviation lim-

its around the mean value, obtained by the datasheet, are

􀅫igured (see red dashed border lines, Figure 20).

Fig. 20. Phase shift evaluation for rotational operation using

transit time- and transfer function measurements

H. Temperature Behavior Analysis

Hence the resolver is integrated in thedrive train, the sensor

has towithstand awide temperature range besides of shock

and vibrations (see misalignment analysis, Figure 13). For

that reason, electrical sensor parameter investigations are

made under in􀅫luence of different ambient temperature.

The previous introduced electrical characterization meth-

ods are applied for these evaluations. In this way, measure-

ments are applied on the mentioned rotor position sensor
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test bench. Thereby, the resolver is mounted on the rotary

shaft of an electric test bench drive, surrounded by a tem-

perature chamber providing an ambient temperature range

of T = −40oCto T = +60oC . Figure 21 gives an overview

of the overall test bench setup used in this work.

The 􀅫irst gauging includes static investigations of the re-

solver’s transfer ratio over one electrical revolution under

in􀅫luence of temperature, illustrated in Figure 22.

Fig. 21. Test bench setup: (a) 1: Electric drive; 2:

Reference sensor; 3: Resolver; 4: Tempera-

ture chamber (removed for demonstration-

see dashed box); 5: Data acquisition housing

(incl. EMC shielding); 6: Motorized position-

ing actuators; 7: Resolver excitation stage; 8:

Controlled power supply; 9: Climatic cham-

ber (temperature conditioning); 10: Ther-

mal tubes (for thermal transfer); (b) 1: Elec-

tric drive; 2: Reference sensor; 3: Tempera-

ture chamber surrounding the resolver

Fig. 22. Temperaturedepending transfer ratio under consid-

eration of rotary variation.

The result (Figure 22) shows, that the output characteris-

tic of the investigated resolver type stays constant over a

tested temperature difference of ∆T = 100oC . So, the

measurements approve that the resolver has a great robust-

ness regarding temperature changes. Since the drive train

system also comprises miscellaneous temperature sensors

thatmonitor temperatures such as bearings-, electric drive-

or rotor shaft temperatures, the following investigations

consider the indirect measurement of the rotor shaft tem-

perature using the resolver. This method provides redun-

dant function (e.g., for functional safety-related issues) or

the possibility to reduce the amount of temperature sen-

sors in the drive train system. By use of the former intro-

duced DC analysis, the Ohm’s resistance of the resolver out-

put coils sine and cosine are investigated under tempera-

ture change. Hence, the resistance value is temperature de-

pending, the electrical current also changes, according to

Ohm’s law (4). An increase of the temperature causes an

increase of the coil’s resistance and so the electrical current

decreases. Figure 23 illustrates theDCmeasurements of the

resolver’s temperature depending resistance. Though the

resistance change is in a small range, a linear characteristic

can be seen.

Fig. 23. Resistance dependency temperature investigation

for excitation-cosine- and sine coil

In terms of linear regression, a line of best 􀅫it can be deter-

mined for the measurement values. This leads to a linear

function (27). The coef􀅫icients can be determined accord-

ing to (28) and (29).

y = kx+ d (28)

k =

∑n
i=1 (xi − x̄) (yi − ȳ)∑n

i=1 (xi − x̄)
2 (29)

d = ȳ − k ∗ x̄ (30)

Whereby n represents the numbers of measurements and

its mean values are written as x̄ and ȳ. The accuracy of the

results can be increased by a high frequency of measure-

ments repetition. Figure 24 shows the results of the linear

regression on each resolver coil.
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Fig. 24. Applied linear regression analysis for temperature-depending re-

sistance measurements on the resolver

Now that it has been proven by performed measurements

that a temperature change can be detected by observing the

resolver’s electrical resistance, a further investigation ad-

dresses the change of the resolver’s transfer function un-

der different temperature conditions. Therefore in a 􀅫irst

run, temperature sweep measurements are performed to

determine the output coils resistance and inductance. Sub-

sequently, these values are used to accomplish a simulation

of the resolver’s temperature depending transfer function,

which can be visualized using the bode plot in Figure 25.

The results show, that the applied temperature only affects

the lower cut-off frequency fc,1.

Fig. 25. Bode plot of the temperature depending transfer function

This leads to the statement, that temperature can be mea-

sured indirectly over the coil-resistance, however, the over-

all sensor characteristic stays unchanged according to tem-

perature (great sensor robustness).

III. BENCHMARK OF VARIOUS SENSOR SAMPLES

The previous introduced analysis method provides a de-

tailed determination of various sensor parameters. As a re-

sult, these investigations are applied to a multiple set of re-

solver position sensor samples with a different number of

pole pairs and different mechanical sizes (diameter). Fig-

ure 26 gives an overview of the examined sensors and their

determined parameters, whereas the Sensor Sample 1 rep-

resents the exemplary examined resolver (Tamagawa 3x).

The electrical parameters include transformation ratio, in-

put impedance and for some sensor samples the output

impedance and the phase shift. Other important parame-

ters are unde􀅫ined by the manufacturer and need To Be De-

􀅫ined (T.B.D.) on test bench. The determined parameters

according to the introduced methods are in range of the

sensor’s speci􀅫ications, when comparing the given param-
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eters with the determined parameters (see green cells, Fig-

ure 26). This proves that the performed analyses are com-

prehensible and applicable for every resolver.

To illustrate the different electric parameters of each re-

solver sample, the investigation results are combined in Fig-

ure 26 to Figure 28.

Fig. 26. Benchmark overview for investigated sensor samples

Fig. 27. Resolver impedance benchmark for Samples #1 to

#6
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Fig. 28. Resolver DC resistance benchmark for Samples #1

to #6

Fig. 29. Resolver electrical phase shift benchmark for Sam-

ples #1 to #6

At 􀅫irst sight the input impedance benchmark (Figure 26)

shows that a typical resolver has a low input impedance

but a high output impedance. This characteristic is neces-

sary for the resolver’s driver stage in the R2D of the vehi-

cle’s power train system and for the read in procedure of

the analog feedback signals in the AFE of the R2D. Consid-

ering the output impedance, it is interesting to see that a

resolver with a high number of pole pairs p (e.g., Sample

#3, p = 10) has a higher output impedance than a resolver

with less pole pairs (e.g., Sample #5, p = 4). Obviously,

the impedance depends on the mechanic size (diameter) of

the resolver, hence Sample #5 has a third of the diameter of

Sample #3. Further, it can be seen in Figure 26, that the sine

output coil has slightly a greater impedance than the cosine

output coil. As stated in sub-section Resolver position sen-

sor (Figure 2), the output coils are mechanically shifted by

an offset of 90o. Hence there is mechanically only one lo-

cation for the electric terminal, the assumption of this re-

sult is that the copper wires need to be a bit longer for one

coil (here the sine output coil). This also shows, that the

introduced measurement method is very accurate to point

out design aspects of the resolver as well. Of course, the

same statement applies to the DC resistance benchmark,

Figure 27. Regarding the phase shift benchmark in Fig-

ure 28, it cannot be assumed that resolvers having less pole

pairs have a lower phase shift, compared to resolvers with

a high number of pole pairs. The phase shift characteristic

in operation is very sensor layout speci􀅫ic.

In the design process of electric drive trains, the develop-

ment of optimal machine control requires a comprehensive

understanding of the position/speed sensor behavior. In

this context, the benchmark results can support this pro-

cess by provision of different resolver sensor characteris-

tics. The driver stage of the R2D interface, which is included

in the ECU, needs to supply the resolver. Hence the resolver

has relatively high power consumption (see Figure 26 – In-

put Voltage), a resolver having a small input impedance is

preferable (e.g., Sensor Sample#5, Figure 26). Less input

impedance means less losses and so less driving current to

excite the sensor. Another criterion of an optimal resolver

driving stage is the excitation frequency stability. Since the

DC resistance of the primary resolver side acts as a damping

element, a lower DC resistance can cause resonance. This

has to be considered when designing the controller’s inter-

face. As a result, the chosen sensor should hold a medium

to high DC input resistance. When it comes to the angle

determination of the electric machine’s rotating shaft, the

analog resolver feedback signals are fed into the Analog

Front End (AFE) of the R2D. This AFE contains analog 􀅫il-

ters and OPAMPs. Typically, the AFE has a high-Ohmic in-

put in the range of several kilo Ohms (kΩ) [28]. High input

impedances at OPAMPs arewidely used to achieve noise im-

munity. As in conventional electricalmeasurement, the sen-

sor signal level needs to be high enough for a high-Ohmic

ampli􀅫ier input. When designing the AFE, the resolver’s

output impedance and DC resistance are important factors

to achieve the optimal level of the source signals (resolver

feedback signals) for the ECU inputs, in particular the AFE

of the R2D. In operationmode of the electric drive train, the

phase shift of the resolver is a very important parameter. A

higher phase shift implies a larger time delay between the

input- and output signal and so awrong, delayed rotor shaft

position. To reduce this latency, a resolver should be chosen

that offers very little phase shift. If this is not possible, the

sensor can be gauged regarding phase shift during the de-

sign process. The determined phase shift occurring under

a certain speed could be stored e.g., in a look-up table on

the powertrain’s controller for online compensation while

operation. An angular error can be caused by both, me-

chanical and electrical tolerances. Previous research inves-

tigated the in􀅫luence of mechanical tolerances, where me-

chanical displacement can lead to distorted feedback sig-

nals, see [14]. Electrical sensor tolerances can cause effects
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regarding signal quality. Assuming impedance and resis-

tance tolerances, damping in the excitation amplitude can

occur, which leads to weak resolver feedback signals (see

also Figure 6) that cause a faulty rotor position determina-

tion. For that reason, resolver rotor position sensors with

minor tolerances should be preferred, which can be evalu-

ated by the presented methods in this work. As stated in

the subsection Temperature behavior analysis, the temper-

ature has only a minor effect on the electric signal quality.

Nevertheless, a temperature variation can cause a change in

the coil resistance (Figure 24), which also leads to reduced

feedback signal levels. It is well known that the resolver is

a very robust sensor regarding magnetic 􀅫ields and temper-

ature in􀅫luences, which is proven by the performed evalua-

tions in this work.

IV. CONCLUSION AND OUTLOOK

This paper extends the state-of-the-art rotor position sen-

sor characterization for resolver technology by the investi-

gation of electric sensor parameters. The introduced meth-

ods can be applied to determine missing parameters and

for validating provided speci􀅫ications. Different electrical

analyses have been performed in this work such as DC anal-

ysis, AC analysis, impedance determination, transfer func-

tion determination. In addition, parasitic effects have been

investigated. Therefore, it turned out, that these effects do

not have a huge impact on the sensor’s transfer function,

especially in the mentioned area of operation. Apart from

the mentioned analyses, the amplitude response is investi-

gated in both, ideal mechanical position and displacement.

The results show, that the alignment of the rotor affects

the resolver’s transfer ratio. The resolver sensor’s transfer

function itself shows no big difference compared to an ideal

alignment. Also, an electrical phase analysis is performed

in this work to identify the phase lag of the investigated re-

solver, since this is an important parameter when compen-

sating time delays in the sensor system.

Three approaches are presented: XOR-gate, signal multipli-

cation andestimation,whereby a combinationof the second

and the thirdmethod including the developed look-up table

achieves the best representationof the phase lag. Tests have

shown that the designed phase measurement circuit (mul-

tiplier) provides a very sensitive output voltage that en-

ables a precise phase lag determination. A further analysis

deals with the temperature investigation. Here, the results

prove that the investigated sensor is very robust against

temperature deviations. Hence small, linear changes in the

resolver’s resistance are determined, the idea of measur-

ing the rotor temperature using the resolver came up. Us-

ing an additional Analog-to-Digital Converter (ADC) in the

ECU, this resistance change in form of the electrical cur-

rent can be determined. By the use of a look-up-table com-

prising current values for certain temperatures or the ap-

plication of numerical regression, the rotor shaft temper-

ature can be measured indirectly. This brings the advan-

tage of redundant temperature measuring or reducing the

number of sensors in the drive train system. A compre-

hensive benchmark comparing six different resolver types

provides a detailed overview of each sensor’s characteris-

tic. This informationmight deliverdata fordesigning adrive

train and therefore choosing anappropriate resolver. Exem-

plary, itmight be advantageous to choose Sensor Sample#1

from the benchmark’s result, since the signal latency (phase

shift) is low compared to other samples in this test. Regard-

ing the impedance, only Sensor Sample # 4 provides a lower

impedance for input and output. This statement is also ap-

plicable for the DC resistance. Further, it is proven that the

applied methods are correct, since their results match with

the manufacturer- provided speci􀅫ications. Thus, the in-

troduced approach in this work enables to determine the

not manufacturer- de􀅫ined parameters and so supports the

drive train system design. Future work will address the us-

ageof themethodandbenchmark results for theR2Ddesign

process. Besides a novel concept considering indirect tem-

perature determinationusing only a resolver and theECU, is

one prospective research topic. Additionally, concepts and

algorithmswill be developed to perform the introduced test

methods automatically, which has a potential to reduce the

test and evaluation effort to a minimum and thus enables

cost saving in pre-development processes.
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