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1. Introduction 

Abstract:– 
 In the quest for digitizing the synchro, this paper proposes a method for processing 
the synchro format voltages to extract a single reliable shaft angle reading. This 
eliminates sophisticated and expensive electronic parts and replaces them by 
software algorithms. Kalman estimation techniques are applied to improve sensor 
dynamic response, precision and efficiency. Fuzzy logic techniques are used to speed 
up the estimation process so that the time taken to produce a result is within the time 
of half a cycle of the excitation frequency (less than 1.25 ms). Wavelet techniques 
are also used to improve the accuracy much further. The synchro digitizer was 
simulated using Matlab, and the random noise was taken into effect. Theoretical 
analysis and experimental data ascertained the above technique. 
 

Keywords-component; synchro; Kalman estimation technique; fuzzy logic; 
wavelet filter 

  
  

  تقانات مخمن كالمن مع المنطق المضبب على المتزامن الرقمي
   

طریقѧѧة الحѧѧالي المتѧѧزامن الѧѧى صѧѧیغة رقمیѧѧة، یقتѧѧرح البحѧѧث  اتخرجѧѧممѧѧن أجѧѧل تحویѧѧل فولتیѧѧات  –:الخلاصѧѧة
المحѧور الخارجة من المتزامن للحصول على قراءة منفѧردة و موثѧوق بھѧا لزاویѧة الثلاثة لمعالجة الفولتیات 

ھذه الطریقة سوف تختصر الحاجѧة الѧى دوائѧر ألكترونیѧة معقѧدة و غالیѧة وذلѧك بأسѧتخدام التقنیѧات . المقاسة
تقنیات كالمان للتخمین أستخدمت وذلك لتحسین الأستجابة الدینامیكیة للمتحسس، الدقة و . مةالبرمجیة اللاز

كѧѧون لتوذلѧѧك لتسѧѧریع عملیѧѧة التخمѧѧین بنѧѧاء مخمѧѧن كѧѧالمن فѧѧي  تتقنیѧѧات المنطѧѧق المضѧѧبب أسѧѧتخدم. الكفѧѧاءة
لك كѧذ). ثانیѧةلѧي م 1.25یعنѧي أقѧل مѧن(ضѧمن زمѧن نصѧف موجѧة مصѧدر تغذیѧة المتѧزامن مخرجات المخمن 

 تخذأتمت برمجة المحاكاة بأستخدام برنامج الماتلاب بحیث . تقنیة المویجات لتحسین دقة النتائجأستخدمت 
 . التحلیل النظري و النتائج العملیة أثبتت نجاعة ھذه الطریقة. بنظر الأعتبار الضوضاء العشوائیة

  .، مرشح المویجاتن، المنطق المضببالمتزامن، تقنیة كالمان للتخمی:  الكلمات الرئیسیة
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These days modern linear and digital 
integrated circuit technology is used 
throughout the field of position and 
motion sensing. Fully integrated solutions 
augmented with software have resulted in 
cost-effective solutions to problems which 
in the past have been solved using 
expensive electro-mechanical techniques. 
The synchro device is the most reliable 
and cost effective electromechanical 
position-sensing device used for exact 
angular positioning. It was originally 
developed for use with analog systems, 
such as inertial navigation and automatic 
direction finder [1,2]. Many applications 
today including, robotics, factory 
automation, avionics, automotive, 
machine tools, antennas and others, use 
digital approaches. Hence digitizing 
synchro output is a must for up grading 
these systems for interfacing purposes. A 
synchro to a digital converter converts 
three-wire synchro information into a 
digital format. There are two types of 
converters or two methods to implement 
this function, successive approximation 
and tracking [2]. 

A synchro digitizer was realized 
practically based on the method of half 
cycle synchro signals integration and 
using the successive approximation 
concept. The output from the digitizer is 
three angles for the same synchro shaft 
angle. These angles are not equal; they 
vary by as much as 1.2º plus ±0.2º random 
noise. However, the average of these 
angles is in error of no more than ±0.3º 
[3]. In a further development, a multi-
layer perceptron acting as an on-line 
neural network filter was built and applied 
to the output angles of the synchro 
digitizer. This neural network was learned 
using the back-propagation learning 
algorithm. The measurement error is 
reduced to ± 0.2º [4]. 

The digitization process needs some 
software development, which makes a 
possible correction to increase the 

accuracy ratio to produce good results. 
This paper investigates and develops a 
software filtering technique based on 
estimation theory, fuzzy logic and wavelet 
techniques in order to digitize the synchro 
format voltages. Kalman filtering provides 
a tool for obtaining that reliable estimate. 
Simulation and experimental data are to 
be used to test and asses the applicability 
of the filtering concept. 
 
2. Synchro Analysis Requirements  

The stator of a synchro consists of 
three Y-Connected coils, which are wound 
with their axes 120◦ apart. When it is 
excited with a sinusoidal voltage, the 
induced voltages across the stator 
terminals (known as synchro format 
voltages), will be proportional to the sine 
of the angle () between the rotor and the 
stator coil axes (synchro shaft angle) [5]. 
The synchro format voltages, for an ideal 
synchro, assume the following general 
form, 

 
  )sin(VV kexk  , k=1,2,3   (1)  
 
Where, Vex and Γk are given by Vmsint 
and (θ+120(k-1)), respectively. The three 
voltages V1, V2, and V3 expressed by 
equation (1) are the voltages that appear 
across stator terminals (S1 to S3), (S3 to 
S2) and (S2 to S1), respectively. Vmsin(ωt) 
is the excitation reference voltage across 
terminals R1 and R2 (Fig. 1). 

The measurement vector is z = [V1 V2 
V3]T, and their peak voltages is a 
maximum when (sinωt) is unity (i.e., at 
ωt=90°) and are a function of the goal 
variable θ only. When using equation (1), 
there is a redundancy in this set of 
equations since θ can be computed from 
either (V1,V3), or (V2,V1), or (V3,V2). 
Using measured voltages (V1,V3), the 
following is obtained, 
  ))]V2V(/(V3[tan 311

1
3,1     (2) 
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Figure 1 Layout of the synchro digitizer 

 
Using other combinations of equation (1), 
it is possible to obtain other values of the 
same synchro shaft angle, i.e. θ2,1 and θ3,2, 
as shown below; 
 
  )]V2V/(V3[tan 211

1
1,2     (3) 

  )]VV/()VV(3[tan 3232
1

2,3        (4) 
 

Theoretically the angles, θ1,3, θ2,1 and 
θ3,2 are all equal. However, in practice, 
they differ due to various errors. An 
experimental set up was assembled using 
a 12 bit shaft encoder (Fig.2). A 1 MS/s, 
12 bit high-speed multifunction card for 
PCI bus (Advantech type PCI-1712) was 
used to read the experimental data. Table 
1 shows typical peak voltages obtained 
experimentally. The computed shaft 
angles θ=[θ1 θ2 θ3]T are not equal for the 
same shaft angle. These discrepancies are 
attributed to random noise in Vex, synchro 
coil non-linearity, etc. 

 

 
Figure 2 Synchro experimental set up 
 

Hence, the synchro output signals can 
be distorted (sometimes heavily) due to 
nonlinearities in the synchro and phase-
shift of the transducer, and they often 
contain noise due to the work environment 
[6]. A more realistic representation of the 
voltages that appear across stator 
terminals is, 

kkkkmk w)tsin().sin().V(V   , 
   k=1,2,3     (5) 
where, βk, αk and wk will account for the 
additive noise, signal distortion, synchro 
inaccuracies, nonlinearities, measurement 
errors, multiple interfering signals …etc. 
βk, and wk are assumed Gaussian 
distribution random variables with zero 
mean and standard deviation (σ). 
 
Table 1 Shaft encoder angle, computed 
shaft angles and synchro voltages. 

θref 0.559 44.786 128.130 229.293 318.79 
θ1 0.571 43.752 128.466 230.498 319.269 
θ2 0.578 44.466 127.432 229.348 318.994 
θ3 0.769 44.738 127.472 229.066 319.408 

V1 .017 1.014 1.2018 -1.1803 -1.0079 
V2 2.338 0.3877 -1.4093 0.2875 1.5079 
V3 -2.37 -1.424 0.198 -1.4328 -0.5098 

 
Since θ1,3 = f(V1,V3), it is possible to 

look at the effect of noise on the angle θ1,3 
by partially differentiating equation (2) 
with respect to V1 and V2. Similarly, 
equations (3) and (4) can be differentiated 
to obtain; 
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Δθ1,3, Δθ2,1 and Δθ3,2 represent the error 
in the measurement vector z=[V1 V2 V3]T. 
Figure 3 shows the sensitivity variations 
with the measured angle. Of course, these 
errors are randomly fluctuating about the 
mean value. Hence, the maximum 
expected error in θ1,3 is the absolute values 
of ±[|S1,1ΔV1|+|S1,3ΔV3|]. Figure 4 shows 
the maximum possible positive error only 
for a -10% change in Vex 

 
Figure 3 Sensitivities variation with the 

measured angle 
 

 
Figure 4 Maximum possible positive error 

for a -10% change in Vex 
 

Figures 3 and 4 clearly show that the 
noise effect is dependent on the synchro 
shaft angle. For example, θ1,3 is least 
sensitive to noise in the range 120-180 
degree. The measurement vector z=[V1 V2 
V3]T and the computed θ=[θ1,3 θ2,1 θ3,2]T 
therefore should be processed on-line to 
extract a reliable shaft angle θ from the 
three angles (θ1,3, θ2,1 and θ3,2). 

 
3. Synchro Format Voltages Processing  

Modern estimation theory can be found 
at the heart of many electronic signal 
processing systems designed to extract 

information [7]. The Kalman filter 
algorithm is to be used to lessen the effect 
of noise of each peak detection voltage 
and give an estimate to the most likely 
synchro angle. It is a powerful tool for 
obtaining that reliable estimate.  

The weighted-Least-Square (WLS) 
method is adopted for the construction of 
the estimator because it is a common and 
effective method. Also it displays a good 
filtering performance without prior 
knowledge of the probability density 
function of the estimates which is required 
by other methods [8]. 

Easy and guaranteed estimator design 
is done if the number of measurement 
variables [V1 V2 V3] is greater than the 
number of state variables [θ], as it is in 
this case. For the nonlinear measurement 
system, the WLS static state estimator 
takes the following iterative form [9]; 

Δθ=[[H]T[Rc]-1[H]]-1[H]T[Rc]-1[V-Ve] (4) 
Where; Δθ is the adjustment after each 
iterative cycle for any assumed starting θ. 
The Jacobian matrix H is given by; 

H=[∂V1/ ∂θ   ∂V2/ ∂θ   ∂V3/ ∂θ]T          (5) 
Where; 

 ∂Vk/∂θ=Vexcos(θ+120(k-1)), k=1,2,3  (6) 
The weighted matrix Rc is a 3×3 

diagonal matrix. Its elements are an 
indication of the accuracy of the related 
measurements. The ith element of Rc is 
taken as rii=σi

2 [8,10]. The above 
equations are applied iteratively until the 
convergence condition is satisfied. The 
convergence criterion is that Δθ<10-5. 
Figure 5 shows the proposed structure of 
the synchro estimator. 

The wavelet transformer block (shown 
in Fig.5) performs a correlation analysis; 
therefore the output is expected to be 
maximal when the input signal most 
resembles the mother wavelet [11]. The 
method of using DWT (discrete wavelet 

0 50 100 150 200 250 300 350 400
-0.4

-0.2

0

0.2

0.4

Synchro shaft angle, deg

Se
ns

iti
vi

ty
, d

eg
/V

S11

S22

S13

S32

S21

S33

0 50 100 150 200 250 300 350 400

0.35

0.4

0.45

0.5

0.55

0.6

0.65

Synchro shaft angle, deg

Ma
xim

um
 ab

so
lut

e 
er

ro
r, 

de
g

3,1 2,31,2



IJCCCE, Vol.12, No.1, 2012    Application of Kalman Estimation Techniques  
with Fuzzy Logic to a Synchro Digitizer  

__________________________________________________________________________________________________________ 

122 
 

transformer) as denoising tool is based on 
decomposing the signal into seven levels 
of wavelet transform by using Daubechies 
wavelet (db6). Also, a suitable soft 
threshold value is used where the 
minimum error is achieved between the 
detailed coefficients of threshold noisy 
signal and the original signal. The 
reconstruction of the signal is achieved by 
using IDWT (inverse discrete wavelet), as 
shown in Fig.6 [12]. 

The data pre-filtering block is used to 
assimilate and validate the data. It consists 
of limit checking and simple logic 
comparisons. This process is important 
before the estimation process is initiated 
in order to reject bad data entering the 
estimation process. This is of particular 
importance especially when the shaft 
angle is in the vicinity of 0o and 360o.  

The task of the θ update block is to 
alter θ after each iterative process until the 
convergence condition is met. The time 
taken for convergence depends on the 
initial start up of the iterative process. 
Initial tests showed that some times it 
takes 700 iterations before Δθ is less than 
10-5. The on-line speed requires the speed 
of iteration should be less than 1 ms. 

 
 

Figure 5 Synchro static state estimator 
 

Figure 6 Denoising process using wavelet 
transformers 

 

The constructed Kalman filter utilizes 
fuzzy logic reasoning to select Δθ, where 
rules are put into operation to map inputs 
and outputs. Expert rules are translated 
easily by fuzzy logic rules for any angle 
deviation. One input out of the five 
triangle membership functions input and 
one output out of the five membership 
functions are used [13], as shown in 
Figs.(8a) and (8b), respectively. 

 
Figure 7 Adaptive Kalman estimator filter 

using FLC 
 
 

 

 
Figure 8 Membership functions ((a) input 
and (b) output) used in FLC to adapt the 

Kalman filter estimator 
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4. Simulation 

The synchro digitizer shown in Fig.1 
was simulated using the Matlab simulink 
setup shown in Figs. 9 and 10. For any 
given shaft angle, the raw measurements 
representing the synchro format voltages 
are generated by adding an appropriate 
noise to each measurement, as shown in 
Fig.9. In real life systems, however, these 
measurements are actual synchro coil 
readings. The function of the peak 
detection block is to make use of the 
excitation voltage to detect the peaks of 
the synchro voltages (Fig.1). 
 

 
Figure 9 Matlab simulink synchro 

simulator 
 

Figure 9 shows the wavelet filtering 
and the estimation blocks. Figure 10 
shows the simulink setup block of the 
DWT and the IDWT shown in Fig.6. 
The denoising is based on decomposing 
the signal into seven levels of wavelet 

transform by using the Daubechies 
wavelet (db6) together with a suitable 
soft threshold value. 

 

 
Figure 10 Daubechies based DWT and 

IDWT 
 

5. Results and Discussion 
A series of simulation tests were 

carried out to test the developed Kalman 
estimator. Typical simulation results are 
shown in Figs. 11 and 12 where the added 
random noise is ±3.5% of Vex. Noise 
generates different peak voltages for the 
same shaft angle. This leads to errors in 
the estimated angle. Wavelet filtering 
smoothes out the estimated shaft angle 
reading from about 1o to 0.15o.  
 

For experimental purposes the simulink 
set up shown in Fig.9 was used, now the 
lower two blocks are replaced by the real 
synchro. Now the inputs to the wavelet 
denosing block are the outputs of the PCI-
1712 card. A PCI-1712 data acquisition 
block is installed in the Matlab's data 
acquisition tool box. The data in tables 2 
and 3 are extracted using the Matlab 
simulink setup. Different shaft angles 
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generate different peak voltages [V1 V2 
V3] which are used to verify the proposed 
method. The tables demonstrate the 
effectiveness of the fuzzy logic based 
Kalman filter algorithm in speeding up the 
estimator iteration process where the 
number of iterations is reduced to 2-5 
iterations. 

 
Table 2 Number of iterations for various 
synchro shaft angles with percentage of 
error for each value of angle. 

θshaft θest 
 

θest 
wavelet 

No. of 
iterations 

0.559 16.100 7.513 257 
44.786 -1.060 0.236 202 
89.659 0.494 0.090 249 
128.130 -0.881 0.156 255 
229.290 0.167 0.099 196 
318.790 0.290 0.063 238 

 
Table 3 Number of iterations for various 
synchro shaft angles with fuzzy logic 
based convergence with percentage of 
error for each value of angle.. 

θshaft θest 
 

θest 
wavelet 

No. of  
fuzzy 

iterations 
0.559 13.416 2.504 4 
44.786 -0.460 -0.129 4 
89.659 0.111 -0.016 5 
128.130 -0.304 -0.071 3 
229.290 0.082 0.033 2 
318.790 0.078 0.004 4 
 
Figure 13 shows typical experimental 

synchro voltages at 44.787o shaft angle. 
The estimated shaft angle is shown in Fig. 
14 with and without wavelet filtering. The 
absolute error variation is reduced from 
0.6o to 0.15o over a period of 40 cycles, as 
shown in Fig. 15a. 

Figures 15b to 15f confirm the 
effectiveness of the wavelet filtering 
where the absolute error variation is 
within 0.15o. It is interesting to note that at 
shaft angle of 359.916o (Fig. 15f), the 
angle fluctuates between 359.6o and 
360.2o (or 0.2o). One solution is to base 
the final output on the domain of the 

values of θ1,3, θ2,1 and θ3,2. Any two values 
lying in the same domain is a most likely 
choice. The output can also be based on 
the repeatability of the angles [θ1,3 θ2,1 
θ3,2]T after each cycle. 

 
Figure 11 Simulated synchro output error 

with ±3.5% of Vex noise 

 
Figure 12 Simulated synchro output error 

with ±3.5% of Vex noise 

 
Figure 13 Synchro out voltages at 

θshaft=44.787o 

 
Figure 14 Synchro shaft angle at 

θshaft=44.787o 
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Figure 15a) Error in synchro shaft angle at 

θshaft=44.78o 

 

 
Figure 15b) Error in synchro shaft angle at 

θshaft=128.130o 

 

 
Figure 15c) Error in synchro shaft angle at 

θshaft=229.293o 

 
 
 

 

 
Figure 15d) Error in synchro shaft angle at 

θshaft=269.810o 

 

 
Figure 15e) Error in synchro shaft angle at 

θshaft=318.790o 

 

 
Figure 15f) Error in synchro shaft angle at 

θshaft=359.916o 
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6. Conclusions  

The synchro format voltages were 
exploited to evaluate the shaft angle. The 
simulation work involved additive noise 
generation, filtering and estimation. Fuzzy 
logic was applied successfully to render 
the software suitable for on line 
estimation. The experimental application 
of the DWT and IDWT improved the 
instrument's output. The method is based 
on decomposing the signal into seven 
wavelet transform and selecting threshold 
value by finding minimum error of 
denoising and original wavelet sub signal. 
The proposed software processing may be 
improved further if experimental data is 
used in assessing the weighted matrix (Rc) 
to include all possible noise changes that 
affect the measurements of the synchro 
format voltages as dictated by the sensor 
sensitivity. 
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