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Abstract—This article deals with charge estimators for piezoelectric actuators. Two most recent/effective types of these estimators 

employ either a sensing capacitor (type I in this paper) or a sensing resistor (type II); the latter (and the newer) one is widely called 

digital charge estimator. There are experimental results in the literature indicating that, with the same waste of voltage, significantly 

higher amount of charge can be estimated with a type II estimator compared to a type I one; thus, the superiority of type II estimators 

has been professed. In order to re-assess this conclusion, this paper even-handedly compares type I and II estimators through 

analytical modelling and experimentation. The results show that types II estimators only have an insubstantial advantage in 

estimating higher amount of charge, if both type I and II estimators are designed pertinently. On the other hand, the resistance of 

type II estimators needs to tuned to deal with different excitation frequencies. This research concludes that capacitor-based charge 

estimators of piezoelectric actuators, with proper design and implementation, can be still the right solution for many problems despite 

the claims in the literature in the last decade. 
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I. INTRODUCTION 

In piezoelectric materials, electrical voltage generates 
deformation. This phenomenon is known as inverse 
piezoelectricity [1]. Piezoelectric devices, purposely 
fabricated to utilise inverse piezoelectricity, are known as 
piezoelectric actuators [2]. Piezoelectric are the foremost 
actuators in  micro/ nanopositioning [3, 4]. 

Micro/nanopositioning aims at precise motion control at 
micro/nanometre scale. Fine machining [5], manipulation of 
biological cells [6, 7] , scanning probe microscopy [8] and 
precise robotic surgery [9] are some applications of micro/ 
nanopositioning with piezoelectric actuators or piezo-actuated 
micro/nanopositioning .  

The key task in piezo-actuated micro/nanopositioning is 
precise control of the actuator position. Position of (an unfixed 
point/surface of) a piezoelectric actuator is its displacement 
from its relaxed state, when the actuator has not been subject 
to any electrical or mechanical excitation for a considerably 
long period of time (e.g. some minutes) [10]. Experiments 
have demonstrated that the position of a piezoelectric actuator 
is proportional to its electric charge for an extensive operating 
area [11, 12]. Therefore, a charge estimator can replace a 
costly and troublesome accurate position/displacement 
sensor; this motivates research on charge estimation of 
piezoelectric actuators [13, 14].  

II. PROBLEM STATEMENT 

Figures 1  and 2 depict the most promising types of charge 
estimator, mentioned as types I and II in this paper. Other (i.e. 
obsolete) types of charge estimators have been detailed in 
[15].  

 
Fig. 1. Schematic of a charge estimator with a sensing capacitor and 
without any drift removal compoenent 

Figure 1 is inspired by the pioneer work of [16], published in 
1981. Ve  is the excitation voltage, the voltage exerted to the 
actuator, and VS is the sensing voltage, the voltage across the 
sensing element, i.e. the capacitor of CS in Fig.1. As VS is not 
applied on the actuator, it is also known as the voltage drop.  

 

Fig. 2. A type II charge estimator with a sensing resistor 

Equation (1) evidently presents VS in Laplace domain: 
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where IS is the current passing the sensing capacitor. The 
voltage amplifier (the triangle) is not grounded; thus, only a 
tiny current passes through it. Therefore, IS is nearly equal to 
the current passing the piezoelectric actuator, IP:  
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IS ≈ IP = qs                                     (2) 

where q is the charge of the piezoelectric actuator, and s is the 
Laplace variable. Combination of (1) and (2) shows that VS, 
amplified by a voltage amplifier with a gain of CS, can 
estimate the charge: 
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As to (3), the main role of the sensing capacitor in type I 
estimators is to add an integrator to make the sensing voltage 
proportional to the actuator’s charge (rather than current). 
Such an integration; however, may happen within a digital 
processor with no need to a capacitor, as proposed in 2010 
[17].  Figure 2 depicts a type II charge estimator with a sensing 
resistor, where A/D stands for analogue to digital converter. 
The current going towards  A/D is tiny; hence, the current 
passing through the sensing resistor nearly equals IP, the 
current passing the piezoelectric actuator. As a result, (4) 
presents the voltage across the sensing resistor:    

                                   VS ≃ IP RS .                                   (4) 

Equations (2 and 4) and IP=qs lead to (5): 
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Both type I and II charge estimators have two main 

drawbacks: 

1. Existence of drift, a type of estimation error happening 

over time, detailed in [18]. 

2. The voltage across the sensing element, known as 

voltage drop, is not exerted on the actuator and is 

virtually wasted.  

The first drawback can be tackled with use analogue or 
digital low pass filters along with a weighted filter or a data 
fusion algorithm as detailed in [11, 19] and is no longer 
discussed in this paper. No drift removal component is 
presented in this paper too, as they have negligible effect on 
the behaviour of the estimator apart from oppressing drift [11, 
19]. 

The second drawback, voltage drop, is the remaining 
decisive matter in the choice of charge estimator type. 
Depending on the employed equipment, a certain value of 
voltage drop, VS, is required for charge estimation without 
loss of accuracy, as detailed in [20]. The question is how 
much charge can be estimated with this inevitable voltage 
drop. 

Experimental results reported in [21] demonstrate that a 
type II estimator witnesses significantly smaller voltage drop 
compared to a type I one, to estimate the same amount of 
charge. This conclusion can be reasonably rephrased as ‘with 
same voltage drop, type II estimators can estimate much 
larger amount of charge than type I ones’. Therefore, it was 
concluded that type II estimators outperform type I ones in 
terms of voltage drop [15]. As a result, recent research in the 
area of charge estimation of piezoelectric actuators is mainly 
focused on type II (digital) charge estimators [18, 22]. 

This paper questions the superiority of type II charge 
estimators, demonstrated by experimental results of [21]. The 
key point is that  the sensing element, either the capacitor in 
type I or the resistor in type II (digital) estimators, have been 
generally chosen intuitively in both type I (e.g. [23, 24]) and 
type II (e.g. [21, 25]) estimators. Therefore, no general 
conclusion can be drawn out of their comparison.  

In this paper, the sensing element of type I and type II 
charge estimators are analytically selected so that, 
theoretically, both result in a voltage drop with the amplitude 
of 1 V for a number of sinusoidal excitation voltages. Then, 
they are analytically and experimentally compared in terms 
of their estimated charge and other performance factors. In 
this paper, term ‘design’ mainly refers to the choice of the 
sensing component. 

In order to have an equitable comparison, this article 
proposes a new version of type I estimators, depicted in Fig.3, 
with a digital gain instead of the amplifier in Fig. 1. This 
proposed estimator, in terms of implementation, is well 
comparable to type II estimators depicted in Fig.2.  

 

Fig. 3. Proposed implementation of a charge estimator with a sensing 
capacitor and a digital high pass filter and gain 

III. ANALYTICAL INVESTIGATION 

This section presents approximate analytical formulation 
of type I and II charge estimators, depicted in Figs. 3 and 2, 
respectively. The primary goal of this section is to suggest the 
sensing capacitance/resistance that leads to a certain voltage 
drop amplitudes for type I/II estimators. In this section, the 
tiny current going to A/D is neglected. In addition, the 
piezoelectric actuator is approximated by a capacitor, CP  [21].  

A. Analytical formulation for type I charge estimators  

With aforementioned assumptions, in Fig. 2, the 
piezoelectric actuator and the sensing capacitor are in series; 
therefore, (6 and 7) present their equivalent impedance, Z, 
and the current passing the actuator, IP: 
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Using (7), (8) approximates the voltage drop, VS:  
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As to (8), VS is proportional to the excitation voltage, Ve; 
therefore, a bias (time independent component) in Ve leads to 
a bias in VS. In addition, with considering Ae and AS as the 
amplitudes of sinusoidal Ve and VS, respectively, (8) leads to 
(9): 
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B. Analytical formulation for type II charge estimators 

For the system depicted in Fig.2, with assumptions 
presented at the begging of section III, (10-12) replace (6-8): 
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For the approximate linear system presented by (12), a 
sinusoidal excitation voltage without a bias, Ve= Ae sin ωt, 
leads to a sensing voltage (also known as the voltage drop) of  

VS= AS (sin ωt+0.5π-tan-1RSCP) ≈AS cos ωt.                     (13)                                                             

Considering the fact that CP is a very small number, as 
mentioned in section IV, tan-1 RSCP≈0.  
Based on (12), the amplitudes of Ve and VS,  AS and Ae , have 
the following relationship: 
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 For a sinusoidal excitation voltage with bias of B, i.e.                        
Ve= Ae sin ωt+ B, since (12) is linear, superposition may be 
used, and the sensing voltage, VS, can be assumed as sum of 
two components influenced by Ae sin ωt  and B (bias or time 
independent excitations). The final value of the component of 
VS, influenced by B, VSB , is shown to be zero in (15):  
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That is, excitation bias has no enduring effect in type II 
charge estimator of piezoelectric actuators. This agrees with 
experimental results reported in [26]. 

C. Results of Approximate Analytical Investigation 

Based on the formulation presented in subsections III.A 
and B, it is possible to find approximate sensing 
capacitance/resistance in type I/II estimators, leading to a 
certain voltage drop amplitude, AS, for any given sinusoidal 
excitation voltage. 

In type I estimators, as to (9), in order to achieve a voltage 
drop amplitude of AS, for a given excitation voltage amplitude 
of Ae, the sensing capacitor should be chosen according to 
(16): 
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According to (8), a sinusoidal excitation voltage leads to a 
sinusoidal voltage drop. In this case, q= CS VS= CS AS sin ωt . 
Thus, qrange-I = 2CS AS.                                                                (17) 
where qrange-I  is the range of charge with type I estimator in 
the case of a voltage drop amplitude of AS.  

In type II estimators, with use of (3) and (13): 
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As a result, qrange-II= 
2
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S
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In addition, based on (14), (19) defines the sensing resistor 
leading to AS: 
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 (18 and 19) lead to  

                  qrange-II= 
22 1 2
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Assuming Ae ≫ 1 and with use of (9) and (20), (21) is derived 
to increase comparability of type I and II estimators. In fact, 
the charge range of a type II estimator with resistance 
calculated with (19) is presented with a formula based on a 
capacitance calculated with (16): 

                          qrange-II= 2(CS+ CP) AS.                                       (21) 

Section III findings can be summarised as following: 
i. For type I/II charge estimators, (23)/(26) can 

theoretically calculate the sensing capacitance/ 
resistance leading to a sinusoidal voltage drop with 
an amplitude of AS, where Ae is the amplitude of the 
sinusoidal excitation voltage. 

ii. Based on (16) and (19), the sensing 
capacitance/resistance of type I/II estimators is 
dependent on/independent of the excitation 
frequency. This is a merit for type I estimators. 

iii. A fixed component (bias) in excitation voltage leads 
to a fixed component voltage drop in type I 
estimators, as to (8) and superposition.  Such a 
component (bias) has no enduring effect on the 
voltage drop in type II estimators, according to (15). 

iv. For an identical voltage drop, according to (17 and 
21), type II estimators estimate larger charge 
compared to type I ones.  However, the difference is 
insubstantial, considering (23) and assuming Ae ≫ 
1. 

These analytical outcomes do not firmly support the 
superiority of type II resistor-based estimators, claimed in the 
literature. By the way, the presented analytical investigation 
is based on approximations and needs to be assessed and 
completed with experimentation.  

IV. EXPERIMENTATION  

Figure 4 partly depicts the experimental setup, the 
implementation of Fig. 3. The same setup was used to 
implement Fig. 2 with change of the capacitor to a resistor. A 
personal computer with an Intel Core i7-2600 @ 3.4GHz CPU 
and a 12 GB RAM plays the role of the digital processor. 
Digital part of Figs.2 and 3 was implemented with use of 
MATLAB 9.1 /Simulink 8.8 software. Simulink Real-Time 



Desktop Toolbox 5.3 was used to transfer the voltage signal 
to the computer through an A/D of a PCIe-6323 National 
Instruments multifunctional card. The actuator is a 7×7×42 
mm3 piezoelectric stack [27], with d31= -270 pm/V, d33=600 
pm/V and the capacitance, CP, of 6.23 µF, measured with an 
LCR metre at the amplitude of 1V and the frequency of 1 kHz 
and,  Ve, the excitation voltage in Figs. 2 and 3, was originally 
generated in Simulink then transferred to an AETECHRON 
7114 liner power amplifier through Simulink Real-Time 
Desktop Toolbox and the PCIe-6323 card.  

 

Fig. 4. Implementation of Fig 5, excluding the computer and the amplifier  

As mentioned in sections II and III, the excitation voltages 
follows the equation of Ve= Ae sin ωt; excitation frequency in 
Hz is defined as  fe = ω/2π.                                                   (22)  

In order to have AS=1 V, as mentioned in problem 
statement, with use of (9), in type I estimators, for the sensing 
capacitors of 20,40 and 80 µF, theoretical Ae would be 4.21, 
7.42 and 13.84 V, respectively. A sinusoidal excitation 
voltage with each of these values of amplitude was applied 
on a setup with its respective sensing capacitor. Excitation 
frequency, fe, has the values of 20,30,40,50,60 and 70 Hz for 
every single pair of capacitor and Ae. It means 18 experiments 
were performed to assess type I estimators. Similar 
experiments, with same values of Ae, were carried out for type 
II estimators; however, for each excitation frequency, the 
sensing resistance was calculated based on (19).  In all 
experiments, range of charge, qrange and AS (practically half of 
VS range) were measured. The sample time of 10-4 s was used 
in all experiments.  

V. EXPERIMENTAL RESULTS AND DISCUSSION  

With use of AS=1 V, (16) and (19) lead to RS and CS, shown 

in (23) and (24).  

( )1S P eC C A= −  ,                          (23) 

 
2

1
.

1
S

P e

R
C Aω

=
−

                       (24) 

According to approximate analytical formulation presented 
in section III, sensing capacitance/resistance calculated with 
(23) and (24) should result in the sensing voltage amplitude 
(AS) of 1 V and the range of charge as presented in (25) and 
(26) for any given sinusoidal excitation voltage with the 
amplitude of Ae.  (25) and (26) are the results of AS= 1 and 
(17) and (21).  In summary, with RS and CS determined with 
(23) and (24), the following approximate theoretical 
outcomes are expected: 

1. AS=1 V  

2. qrange-I= 2CS .                                                               (25) 
3. qrange-II= 2(CS+ CP).                                                      (26)                          

Tables I-III present the experimental results and their 

comparison with the aforementioned theoretical expectations 

of approximate analytical formulation, as shown in Fig.5. The 

following are three major observations out of these data: 

 

Fig. 5. Diagram of anlayis for a given Ae  

A. Observation 1: difference of estimator types in frequency 
dependency 

For each value of Ae, presented in Table I, II or III, voltage 
drop amplitude of type I estimators, AS-I, and their range of 
charge,  qrange-I, are nearly fixed across different excitation 
frequencies, fe. This is in agreement with finding (ii) of 
analytical formulation of section III, presented in (9). On the 
other hand, in type II estimators, for higher values of Ae, 
presented in Tables II and III, AS-II and qrange-II decrease 
meaningly with increase of fe; although, the resistor changes 
with frequency according to (24) to maintain AS at 1 V.  

TABLE I.  EXPERIMENTAL RESULTS FOR THE EXCITATION VOLTAGE 

AMPLITUDE OF 4.21 V. INDICE I AND II REFER TO TYPE I AND II 
ESTIAMTORS. 

 Ae=4.21 V , CS=20 µF 

qrange-I-analytical=40 µC,   qrange-II-analytical=52.46 µC 
fe 

(Hz) 
R 

(Ω) 
AS-I 
(V) 

AS-II 

(V) 
qrange-I 
(μC) 

qrange-II 

(μC) 

20 303 1.10 0.99 44.14 53.07 

30 202 1.10 1.00 44.08 54.62 

40 152 1.10 1.00 44.01 54.35 

50 121 1.10 1.02 43.88 54.19 

60 101 1.10 0.97 43.94 52.77 

70 87 1.10 0.96 43.94 53.64 

TABLE II.  EXPERIMENTAL RESULTS FOR THE EXCITATION VOLTAGE 

AMPLITUDE OF 7.42 V. INDICE I AND II REFER TO TYPE I AND II 
ESTIAMTORS. 

 Ae=7.42 V , CS=40 µF 

qrange-I-analytical=80 µC,   qrange-II-analytical=92.45 µC 
fe 

(Hz) 
R 

(Ω) 
AS-I 
(V) 

AS-II 

(V) 
qrange-I 
(μC) 

qrange-II 

(μC) 

20 172 1.16 1.05 92.49 99.30 

30 115 1.16 1.04 92.49 99.88 

40 86 1.15 0.99 92.36 92.68 

50 69 1.16 0.94 92.62 88.30 

60 57 1.15 0.92 92.36 87.25 

70 49 1.14 0.83 91.05 82.96 



TABLE III.  EXPERIMENTAL RESULTS FOR THE EXCITATION VOLTAGE 

AMPLITUDE OF 13.84 V. INDICE I AND II REFER TO TYPE I AND II 
ESTIAMTORS. 

 Ae=13.84 V, CS=80 µF 

qrange-I-analytical=160 µC,   qrange-II-analytical=172 µC 

fe 

(Hz) 
R 

(Ω) 
AS-I 
(V) 

AS-II 

(V) 
qrange-I 
(μC) 

qrange-II 

(μC) 

20 92 1.30 1.14 207.6 204.2 

30 62 1.29 1.07 206.3 1 97.8 

40 46 1.29 1.00 206.0 193.0 

50 37 1.28 0.99 205.3 194.8 

60 31 1.28 0.87 204.7 177.7 

70 26 1.28 0.81 204.5 168.8 

B. Observation II: Discrepancy of theoretically expected 

and experimental values of AS 

The real values of AS, in most experiments, are not equal 
to 1V, despite theoretical expectations. This discrepancy 
simply means if (16) and (19) are trusted to find the 
capacitance/resistance of sensing components, an unexpected 
value of AS may happen to exist. Particularly, too high values 
of AS may lead to serious issues detailed in subsection VII.C 
of [20]. 

 
Fig. 6. The sesning voltage versus time for two type II estiamtors, with 
R=92 Ω and R=303 Ω excited with  Ae=13.84 V and Ae=4.21 V, respectively, 
both with fe=20 Hz, i.e the excitation voltages for each are 13.84sin(20×2πt) 
4.21sin(20×2πt), repectively. Relevant cells in Tables I and III are sahded. 

A partial reason of the difference between theoretical 
approximate expectations and the experimental results is 
neglected nonlinearities. As an instance, for type II 
estimators, based on the linearity of (19), it is expected that 
with a sinusoidal excitation voltage, Ve, a sinusoidal sensing 
voltage, VS, is observed. Fig.6 depicts VS of two type II 
estimators both designed with (24) and excited with 
sinusoidal voltage to assess this expectation.  For the 
estimator designed for a higher amplitude of excitation 

voltage (Ae), VS is not sinusoidal as shown by the dashed 
curve in Fig.6, relevant to the shaded cell in Table III; this 
demonstrates overlooked nonlinearity in analytical 
formulation. However, VS of the other type II estimator, 
shown by a solid curve in Fig.6, relevant to the shaded cell of 
Table I, is nearly sinusoidal. This indicates that the 
nonlinearity is inapparent in some operating areas. 

The mean value of the discrepancy between theoretically 
expected and experimental AS, for type II estimators in Tables 
I, II and III are 0.0167 V, 0.0683 V and 0.09 V, respectively. 
These values are obviously larger for type I estimators, 0.1 V, 
0.1533 V and 0.2867 V. However, the discrepancy can be 
avoided more simply in type I, as it is almost independent of 
frequency.  

C. Observation III: Type II estimators are capable of 

estimation of slightly higher values of charge  

The last observation is that Type II estimator can estimate 
higher values of charge compared to type I ones, with the 
same sensing voltage (voltage drop). This observation is in 
agreement with finding (iv) of analytical formulation in 
section IV, the outcome of comparison of (24) with (28) or 
(32) with (33). 

The results presented in Tables I-III are not 
straightforwardly usable for this observation, as experimental 
values of AS are different for type I and II estimators, 
particularly in Table III. Table IV, alternatively, eases the 
comparison. This table shows that, for the same amplitude of 
voltage drop (AS), a type II estimator may estimate 12% to 
40% higher amount of charge than a type I one, for the setup 
and conditions detailed in section V. However, this 
discrepancy is not as substantial as presented in experimental 
results reported in [21]. As an instance, for the excitation 
frequency of 10 Hz, the result of Table 2 of [21] can be 
reasonably interpreted as type II estimators can estimate 
892% more charge than type I ones with the same AS. Such 
results have been used as a ground for superiority of  type II 
estimators. The point is that [21] lacks a deep enough 
analytical formulation and its consequent design method; 
hence, the experiments were practically carried out with 
intuitively chosen values of RS and CS. 

VI. CONCLUSION  

This paper compares the most recent/effective types of 
charge estimators for piezoelectric actuators: the estimators 
with a sensing capacitor, named type I, and the estimators 
with a sensing resistor, named type II in the paper. The latter 
is also known as digital estimator. In order to have an even-
handed comparison, the digital version of type I estimator, 
depicted in Fig.3, was developed and implemented.  

TABLE IV.  EXPERIMTAL RESULTS FOR THREE AMPLITUDES OF EXCITATION VOLTAGE. INDICE I AND II REFER TO TYPE I AND II ESTIAMTORS.

 Ae=4.21 V 

CS=20 µF 

Ae=7.42 V 

CS=40 µF 

Ae=13.84 V  

 CS=80 µF 

fe 

(Hz) 
qrange-I  

AS-I 

qrange-II  

AS-II 

qrange-I  

AS-I 

qrange-II  

AS-II 

qrange-I  

AS-I 

qrange-II  

AS-II 

20 40 53.60 80 94.20 160 179.4 

30 40 54.53 80 96.40 160 185.3 

40 40 54.53 80 93.77 160 193.0 

50 40 53.23 80 93.87 160 196.1 

60 40 54.20 80 94.40 160 203.5 

70 40 56.04 80 99.69 160 209.1 



 

In both type I and II estimators, a portion of the excitation 
voltage is squandered for charge estimation and does not apply 
on the actuator; this wasted voltage is called voltage drop. 
Comparative experimental results in the literature demonstrate 
that, with the same voltage drop, type II estimators can estimate 
significantly higher charge than type I ones, in similar operating 
conditions. As a result, type II estimators were widely 
considered superior in the last decade. This paper reports a 
through analytical and experimental comparative study to 
assess the claimed superiority of type II estimators in terms of 
voltage drop and other aspects. The following are the main 
conclusions of this study: 

C1. Type II estimators have slightly higher ratio of estimated 
charge to voltage drop, 12% to 40% according to 
experiments. 

C2. Both behaviour and the choice of the sensing element are 
independent of/dependent on frequency in type I/II 
estimators, as a major advantage of type I ones. 

C3. Bias (time-independent component) of the excitation 
voltage has an/no enduring effect on the behaviour of type 
I/II estimators.  

C4. In type I estimators, in order to have low voltage drops, 
high capacitance sensing capacitors need to be employed. 
These capacitors are bulkier than the resistors used in type 
II estimators. Such a capacitor is shown in Fig.4. 

C5. Type I estimators can be implemented as an analogue 
circuit, e.g. Fig.1; while, type II ones need digital 
processors to be implemented.  

In summary, both type I and II may be usable for different 
applications based on priorities of the design, and none can be 
put aside. 
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