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Abstract 

 

This paper contains some problems of synthesis and analysis of the metrological simula-

tors of impedance, suitable for using as the measures in impedance meters. There are presented 

two types of simulators for reproducing the impedances represented in Cartesian coordinates: 

with current control and with voltage control. The reproduced impedance can possess any 

character and have the separate regulation of the components. For synthesis of the simulator 

structures, the formal–structural method is applied. Studies of the stability conditions of the 

proposed simulators are carried out and the conditions of their optimal application in the reso-

nance meters of impedance components are defined. The advantages of the proposed devices 

are the possibility of reproducing of impedance with any character without switching in its cir-

cuit, absence of the adjustable reactive elements, high exactitude and simplicity of practical 

realization. The presented devices are suitable for application both in the simple and cheap 

automatic impedance meters and in the high-accuracy meters of impedance components. 

 

1. Introduction 

 

For high accuracy measurement of the impedance components, the method of simulta-

neous comparison with measure in present is used. This method can be practically imple-

mented in the bridge, compensating or resonance measuring circuits. Last studies in the field 

of the resonance method of measurement [1] made it possible to develop the variety of this 

method, which possesses unique possibilities. This relates to the method of simulated reso-

nance, which was called so because in comparison with the classical resonance method, the 

reference element is simulated impedance [2-4]. There are known applications of this method 

in polar coordinates [3], for measuring the components of impedance [5] and admittance [6]. 

However, irrespective of the variant of their application, its distinctive special feature is appli-

cation of the metrological simulator (or, converter) of impedance (MSI) as measure of the 

impedance components. 

In comparison with traditional measures of impedance, for which there are used preci-

sion elements (resistors, capacitors, inductance coils) and also the adjustable boxes of these 

elements, MSI possess some of special features, among which can be mentioned the follow-

ing: 

– Low error rate and high stability of reproduced impedances;  

– Possibility of reproduction of impedance with any character and the separate control of its 

components;  

– The known and warranted value of systematic error;  

– Digital control;  
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– Absence of switching elements for changing the character of the reproduced impedance; 

– Simplicity of construction, small overall sizes and low cost. 

At present, some authors take a shot at the development of the same devices [7, 8]. But 

the proposed devices are of special purpose and cannot be used as measure in the universal 

meters of the impedance components. 

In the result of our research there is developed a class of MSI suitable for application in 

various impedance meters. Among them, we can mention the polar-coordinate [9, 10] and the 

Cartesian- coordinate [11, 12] MSI, MSI for reproduction of floating impedance [13], MSI 

with ladder structure. Among all types of MSI, the Cartesian–coordinates MSI with separate 

regulation of the components, suitable for application in the Cartesian–coordinates impedance 

meters should be mentioned. 

Investigations of the accuracy of MSI [14] showed that their systematic error can be de-

termined and under specific conditions it can have very low values (up to the values δ ~ 

0.001%). There are also determined the ways of increasing the MSI accuracy, depending on 

the conditions of their specific application. But, for examination of some problems of its syn-

thesis and analysis, the conception of generalized impedance and admittance must be deter-

mined. 

  

2. Generalized impedance and admittance 

 

For effective analysis of the proposed devices, the conception of generalized passive 

value is used. It relates to the both known passive electrical values: impedance and admittance. 

The classical impedance, as it is known, may be defined in the Cartesian and in the po-

lar coordinates as 

Z = R + jX = Zm exp (jφ),        (1) 

where R, X, Zm, φ are the classically defined respective components. The domain of variation 

of these components is 

R = {0 ÷ ∞}; X = {- ∞ ÷ + ∞}; Zm = {0 ÷ ∞}; φ = {0 ÷ ± 90°}.     (2) 

Analogously, for the classical admittance the same relations may be defined 

Y = G + jB = Ym exp (jψ),        (3) 

G = {0 ÷ ∞}; B = {- ∞ ÷ + ∞}; Ym = {0 ÷ ∞}; ψ = {0 ÷ ± 90°}.     (4) 

As it is known, values (1)–(4) are represented graphically on the complex plan {±1; ±j} 

(Fig. 1a). The domain of definition of classical Z, Y is the right semi plan limited by the axis 

±j. Due to the duality of impedance and admittance, the mathematical apparatus used in con-

versions with its presence make it possible to analyze only the processes for the one of the, for 

example, for the impedance. The analysis for the other, e.g., for admittance, looks similarly.  

Values (1)–(4) are well known in the classical technique for measurement of the imped-

ance and the methods of its measurement are well developed. 

The concepts of generalized impedance and admittance are wider and include, as a par-

ticular case, the classical concepts of these values. The definitions for them are the same as 

(1) and (3); however, they are different from the domain of definition of the components. For 

the generalized Z, Y 

R = {- ∞ ÷ + ∞}; X = {- ∞ ÷ + ∞}; Zm = {0 ÷ ∞}; φ = {0 ÷ 360°},    (5) 

G = {- ∞ ÷ + ∞}; B = {- ∞ ÷ + ∞}; Ym = {0 ÷ ∞}; ψ = {0 ÷ 360°}.    (6) 

As it follows from (5) and (6), the domain of definition of generalized Z, Y is the all 

complex plan {±1; ±j} (Fig. 1b). In the general case, an impedance Z (or an admittance Y) 

contains a combination of positive or negative active component ±R (±G, for admittance) 

with positive or negative reactive component ±jX (±jB, for admittance).  
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Fig. 1. Representation of the classical impedance (a) and of the generalized impedance (b). 

 

As it follows from above–stated, the conception of generalized passive value includes, 

in addition to the classical ones, a class of the values situated on the left of the axis ±j on the 

complex plan. We must note that this definition is introduced only from the functional point 

of view, without affecting questions of energy supplying of these devices. In their physical 

essence, these values, strictly speaking, are not passive, but characterize the properties of ob-

jects with energy sources. This category includes the objects that possess properties of nega-

tive resistance (tunnel diodes, thyristors, and other electronic devices) and also a class of 

circuits with combined negative and positive feedbacks, used for the purpose of reproduction 

of the simulated impedances and admittances (impedance converters) [15]. The values repro-

duced by the impedance converters follow the same laws as the classical passive values, if the 

condition of guaranteeing their stability is satisfied. Thus, for the analysis of measuring cir-

cuits with their application, the methods which are used for analysis of the circuits with clas-

sical complex values can be used. 

 

3. Synthesis of the MSI structure 

 

As it is known [15], two basic types of impedance simulators are possible: the current 

controlled (I-MSI) and the voltage controlled (U-MSI). The both types of MSI are of a practi-

cal value, since I-MSI save the stability down to the condition of no-load operation; U-MSI, 

down to the condition of a short-circuit on its terminals. These properties make them suitable 

for application as impedance measures in the series (for I-MSI) and in the parallel (for U-

MSI) resonance measuring circuits, respectively [1]. 

For synthesis of the impedance simulator circuits, the method of formal synthesis based 

on the conversion algorithm of magnitudes in the synthesized device is used. As it will be 

shown later, this method allows, on the basis of the necessary conversion algorithm of the 

values, synthesizing its block diagram and, later, − the practical circuit of the device.  

 

3.1. Synthesis of the current - controlled impedance simulator (I-MSI) 

 

I-MSI is an impedance converter, which maintains the stability up to the regime of no–

load operation on its terminals [15]. As initial entering value for synthesis the I-MSI structure, 

the current Ii, flowing through the reproduced impedance is used. The impedance Zi, repro-

duced by the simulator, should be represented in Cartesian coordinates in the form 

Zi = Ri + jXi,       (7) 
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where Ri is the active component of reproduced impedance, Xi is its reactive component. The 

components Ri and Xi must possess the property of independent control.  

For synthesis of the block diagram of the simulator circuit, the diagram of information 

conversion algorithm presented in Fig. 2 is used. 

 

 

 

 

 

 

 

 
Fig. 2. The algorithm of information conversion for I –MSI. 

 

The entering current Ii is converted into the voltage U1, used for forming a voltage drops 

on the active (UR) and reactive (UX) components of the reproduced impedance Zi. For forming 

the voltage UX, the rotation of the phase of voltage U1 by an angle of 90º, with consequent regu-

lation of its magnitude by factor NX are used. The voltage UR is formed only by regulation the 

magnitude of U1 by the factor NR. The voltages UR and UX are summarized and form the volt-

age Ui, that, in conjunction with the entering current Ii, forms the reproduced impedance Zi. 

The above presented algorithm of the information conversion is implemented in the 

block – diagram of the simulator presented in Fig. 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3. The block–diagram of I –MSI. IUC – current– to–voltage converter, DA – differential 

amplifier, PA1, PA2 – programmable amplifier, 90° - phase shifter (by 90°), SA – summing amplifier. 

 

For conversion of the current Ii into the voltage U1 the current-voltage converter IUC is 

applied. The voltage U1 on its output [16] is 

U1 = Ui - Ii · R,         (8) 

where R is the conversion factor of the converter IUC. 

In order to obtain an algorithmically correct dependence between the current Ii and the 

voltage U1, by elimination the effect of unnecessary common feedback of IUC [17], the dif-

ferential amplifier DA is used. The voltage U1

1
 on its output is 

U1

1
 = Ui - (Ui - Ii · R) = Ii · R.      (9) 

The phasor and the programmable amplifiers PA1 and PA2 are used for introduction of 

the phase shift of 90º and for regulation of the voltages UR and UX. The voltages UR and UX 

formed with these elements amount, respectively, to 
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UR = NR · U1

1
 = NR · R · Ii,     (10) 

UX = NX · U1

1
 ·j sin 90º = j NX · R · Ii.    (11) 

The summer amplifier SA summarizes the voltages UR and UX and forms the voltage Ui 

applied to the input of the simulator 

Ui = UR + UX = NR · R · Ii + j NX · R · Ii = R (NR + j NX) Ii.      (12) 

The impedance Zi reproduced by the simulator at its terminals is determined as 

Zi = Ui / Ii = R (NR + j NX).     (13) 

As follows from (13), the reproduced impedance Zi is represented in Cartesian coordi-

nates and ensures the separate regulation of active and reactive components by changing the 

gain factors NR and NX of the programmable amplifiers PA1 and PA2, respectively.  

It also follows from (13) that if the band of variation of NR is located in the field of 

positive values and that of NX in the band of positive or negative values, the reproduced im-

pedance can have the character of positive resistance in combination with inductive or capaci-

tive component. The case when NR and NX have the range of change (- N0 ÷ 0 ÷ +N0) is more 

interesting. The area of variation of Zi in this case covers all complex plane; that is, Zi can 

have the character of a different combination of the positive or negative resistance with the 

capacitive or inductive impedance component (Fig. 4). 

 

 

 

 

  

 

 

 

 

 

 
Fig. 4. Various character of the simulated impedance. 

 

The circuit diagram of the analyzed impedance simulator is presented in Fig. 5.  

The components of the simulator are implemented on the basis of operational amplifiers 

(OA) in the traditional connections; the precision resistors and capacitor are used as passive 

elements. The resistive DAC can be applied for assurance regulation of the programmable 

amplifier gain factor in the field of positive and negative values. 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5. The circuit diagram of I – MSI. 
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3.2. Synthesis of the voltage-controlled impedance simulator (U-MSI) 

 

The difference between U-MSI and I-MSI consists in the fact that as input value for U-

MSI, the voltage drop on the reproduced impedance Zi is used. In addition to this, for the 

simulators of this type it is convenient to examine the admittance Yi instead of the impedance 

Zi. The procedure of synthesis of the U-MSI structure is analogous to the above examined 

procedure of synthesis of I-MSI, taking into account replacement of the corresponding values. 

The diagram of information conversion algorithm in this simulator is presented in Fig. 6a; the 

synthesized block diagram of U-MSI, in Fig. 6b. 

 
 

 

 

 

 

 

 

  

 

 
Fig. 6. The algorithm of information conversion in U-MSI (a) and the block–diagram of U-MSI (b). 

 

The input voltage Ui is transferred by two separate channels for the formation of initial 

values for active and reactive components of the reproduced impedance. Conversion of values 

in the channels is analogous to conversion in I-MSI. These voltages undergo regulation in the 

programmable amplifiers PA1 and PA2 and also, to the phase rotation by an angle of 90° (for 

reactive component) 

UR = NR · Ui,        (14)  

UX = NX · Ui ·j sin 90º = j NX · Ui.     (15)  

The voltages UR and UX command a voltage-current converter DUIC with differential 

entrance for formation of the input current Ii 

Ii = (UR - UX) G = G (NR - j NX) Ui,     (16) 

where G is the conversion factor of DUIC.  

The obtained current Ii is introduced into the input circuit of the simulator and, together 

with the input voltage Ui, reproduces on the input terminals the simulated admittance Yi 

Yi = Ii / Ui = G (NR - j NX)     (17) 

As follows from (17), the simulated admittance Yi, as the simulated impedance of I-MSI 

Zi, is represented in Cartesian coordinates and has a separate regulation of its active and reac-

tive components. Regulation is assured by variation of the gain factors NR and NX of the pro-

grammable amplifiers PA1 and PA2 in the value range (- N0 ÷ 0 ÷ +N0), that ensure the 

domain of variation of Yi similarly as for Zi in I-SIM. 

The circuit diagram of synthesized U-MSI is shown in Fig. 7. It is analogous to I-MSI, 

yet the blocks on the basis of operational amplifiers are used. On the OA A1 the voltage re-

peater for increasing the input impedance is realized, on the basis of A2, A4 – the programma-

ble amplifiers PA1 and PA2 and on the basis of A3 – the phase shifter by 90° Variation of the 

values NR and NX in the domain (- N0 ÷ 0 ÷ +N0) is carried out by means of the variable resis-

tors R1 and R7 respectively. If it is necessary, they can be replaced with DAC. The differential 

voltage-to-current converter on the basis of OA A5 produces the entering current Ii flying 

through the reproduced admittance Yi. 
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Fig. 7. The circuit diagram of U – MSI. 

 

4. Stability of the Cartesian–coordinates impedance simulators 

 

The problem of MSI stability is rather important and requires a complex analysis. 

In [17] the analysis of stability for the polar coordinates MSI is carried out. The similar re-

quirements for guaranteeing the stability are made to the Cartesian coordinates MSI. 

The standard MSI circuit consists of several links based on OA and contains local and 

common feedback loops, and also contains a phase shifter and external impedance connected 

to OA terminals. Thus, as it is known [16], OA stability is affected by the following factors: 

– Nonideality of OA performances at high frequencies; 

– OA properties at the direct current; 

– Character of impedances included in the feed – backs and the phase angle introduced by 

the phase shifter; 

– Character and magnitude of the external impedance connected to the input of MSI. 

As follows from the theory of OA [16], it is necessary to consider three types of stability: 

– Stability on the direct current, 

– Stability on the high frequencies, 

– The functional stability. 

Stability at the direct current may be interrupted because of appearance of trigger effect 

[16] at excess of the depth of positive feedback above the negative one. To ensure the abso-

lute stability at the direct current, it is necessary to ensure a negative character of the common 

feedback at variation of parameters of the circuit and of external resistance in the all operating 

range. Obviously, for the considered circuit, this condition will be respected when the sum-

mary transfer factor at a direct current through the common feedback loop K0summ will have a 

negative value. It is achieved by combination of inverting and noninverting connection of all 

circuit units at the direct current.  

Stability at the high frequencies is ensured by correct frequency correction of the OA 

characteristic in all circuit units, considering the MSI structure as a multisection amplifier 

with common feedback [16]. 

The functional stability of MSI represents the more complex problem. The following 

factors render influence on the condition of functional stability 

– Type of MSI; 

– Values of the module and phase of the simulated impedance; 

– Character and value of the external impedance connected to the terminals of MSI. 
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Thus, the conditions of functional stability should be determined for each type of MSI 

separately, depending on the band of variation of the simulated impedance components and 

on the value and character of the external impedance connected to its terminals. 

For estimation the conditions of the functional stability, we shall take advantage to Ny-

quist criterion in application to circuits containing the operational amplifiers [16]. As it is 

known, the circuits with feedbacks maintain the stability if the critical point (-1,+j0) is located 

to left of the hodograph of the transfer characteristic on the loop of the feedback at frequency 

change from f = 0 up to f →∞ (Fig. 8). 

Thus, for estimation of the stability conditions for the circuits according to the Nyquist 

criterion, it is necessary to determine its loop gain factor βA and to examinee it in neighbor-

hood of the critical point (-1, + j0) in coordinates Re (βA), Im (βA). The condition of func-

tional stability for the MSI circuit looks like 

Re [Hio] > -1,         (18) 

where Hio is the loop gain factor for MSI circuit. 

 

 

 

 

 

 

 

 

 

 

 
Fig. 8. Hodograph of loop gain factor for stable (a) and unstable (b) circuits. 

 

Figure 9a presents the model of I-MSI for determining the stability conditions. Through 

the equivalent differential amplifier with the gain factor A, the portion of the circuit of I-MSI, 

limited by the dotted line (Fig. 3) is designated. 

 

 

 

 

 

 

 

 

  

 

 

 

 

 
Fig. 9. The models of I – MSI (a) and U-MSI (b) for stability analysis. 

 

For determining the expression of loop gain factor H24 from point 1 to point 2 we will use 

the method of the conductance matrices [14]. The general matrix of I-MSI circuit has the form 
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where Y stands for the same corresponding values of Z. 

The loop gain factor for I-MSI is 

H24 = Uo/Ui = (Δ23/ Δ22 – 1)A,      (20)  

where Δ23 are Δ22 are the cofactors of the matrix (19). Their values are 
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After substitution of (21) into (20), H24 takes the form 

H24 = A[(Ye + Y)/Y – 1] = A·Z / Ze         (22) 

A stands for the summary gain factor of the I-MSI circuit (Fig. 3). It is 

A = Kd · (NR + jNX).          (23) 

Taking into account that in the real case Z ≡ R, Ze = Re + j Xe and Kd = 1, (22) takes the form 

H24 = R(NR + j NX)/(Re + j Xe).         (24) 

Let us apply Nyquist criterion (18) to (24), and let us assume that the range of values for 

NR comprises (-NR0 ÷ 0 + NR0) and for NX: (-NX0 ÷ 0 ÷ +NX0). Then, stability condition (18) 

for I-MSI in the most critical case (NR = -NR0, NX = - NX0) takes the form 

R(NR0 Re + NX0 Xe) < Re
2
 + Xe

2
.         (25) 

But, Re
2
 + Xe

2
 ≡ |Ze|

2
, RNR0 ≈ RX max, RNX0 ≈ XX max, where RX max and XX max are the maximal 

values of active and reactive components of the measured impedance, |Ze| is the modulus of the 

external impedance. The folowing condition of the absolute stability for I-MSI rersults from (25) 

|Ze|
2
 > Re RX max + Xe XX max.             (26) 

It follows from condition (26) that the circuit of I-MSI preserves the absolute stability in 

all domain of variation of the components RX and XX, if the following conditions are satisfied 

|Ze| > RX max, |Ze| > XX max.          (27) 

As follows from [1], conditions (27) are satisfied easily in the series resonance measuring cir-

cuit. Thus, condition (27) determines the field of application of I-MSI. 

For the model of U-MSI presented in Fig. 9b, the analysis of stability can be executed 

analogously. Its loop gain factor is 

H16 = - A Ze / R1 = - (NR + j NX)(Re + j Xe)/ R1.      (28) 

Applying condition (18) to (28) and admitting the domain of variation of NR and NX 

analogous to I-MSI, the stability condition for U-MSI for the extreme critical values of simu-

lated impedance components takes the form 

 NR0 Re + NX0 Xe < R1.         (29) 

It follows from expression (29) that the conditions of stability for U-MSI are fulfilled 

automatically if it is used in the parallel resonant circuit with voltage generator having the 

zero internal resistance as source of measuring signal [6]. 

The problems of the error analysis for impedance simulators on the basis of operational 

amplifiers were investigated in [14]. As it follows from [14], the greatest influence on the error 

of the given value of the reproduced impedance is exerted by the factors of nonideality of the 

operational amplifier and, in particular, the limited value of the gain factor and its frequency 

dependence. For minimization of this component of the error, the operating frequency of meas-

uring signal must not strongly exceed the frequency of pole of the operational amplifier charac-

teristic [16]. The acceptable error δ ≤ 0.1% was obtained at the operating frequency F = 100 Hz. 
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5. Conclusions 

 

Application of the Cartesian–coordinates impedance simulators as reference elements in 

the Cartesian – coordinate impedance meters ensures the high accuracy and simple algorithm 

of measurements. The separate control of reproduced impedance components is an indispen-

sable condition for this. 

By algorithmical synthesis, having accepted as a basis the necessary conversion algo-

rithm of information, the current controlled and the voltage controlled impedance simulators 

are designed.  

The simulators have the separate control of the impedance components and ensure re-

production of the impedance with any character, without use of the variable reactive elements 

and commutations in the circuit. 

As follows from the stability analysis, the current controlled impedance simulator main-

tain absolute stability in the series resonant circuits with current source of measuring signal; 

the voltage controlled simulator, in the parallel resonant circuits with voltage source of mea-

suring signal. 
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