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A charge amplifier is a key component of measurement systems based on piezoelectric transducers, as the
accuracy of signal acquisition largely depends on its performance. While effective solutions exist for high-
frequency applications, the implementation of charge amplifiers for quasi-static and single-shot measurements
of signals containing a DC component remains challenging due to charge leakage from the storage capacitor,
operational amplifier offset voltage drift, and sensitivity to common-mode interference. This paper proposes
a novel charge amplifier architecture intended for quasi-static and single-shot measurements. The storage
capacitor is placed outside the negative feedback loop, eliminating the need for a parallel discharge resistor
and reducing charge losses during long measurement intervals. The scientific novelty of this study lies
in the development of a charge amplifier architecture that separates the processes of piezoelectric sensor
current amplification and charge storage, as well as in the proposed method for compensating offset-voltage-
induced drift in the measurement circuit. In addition, the symmetrical input stage improves immunity
to common-mode interference. A theoretical analysis of the major error sources, including capacitor self-
discharge and operational amplifier offset effects, was carried out. Experimental validation of the proposed
solution confirmed its suitability for quasi-static measurements and demonstrated improved performance
compared with conventional charge amplifier topologies. The shortcomings of the prototype amplifier are
also analyzed. Ways to overcome these shortcomings are proposed, and the prospects for the development
of piezoelectric transducer charge amplifiers built on this principle are noted. In particular, implementing
the amplifier as part of a specialized integrated circuit for piezoelectric measuring systems will significantly
improve its characteristics.
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Introduction

Voltage amplifiers and charge amplifiers are used
to amplify piezoelectric sensor signals. Charge ampli-
fiers are often preferred because the topology of charge
amplifiers makes them insensitive to the capacitance
of the connecting cables [1]. Voltage amplifiers, on the
other hand, are very sensitive to the capacitance of
the connecting cable and require recalibration when
replacing it. This article will focus on charge amplifiers.

A simplified schematic diagram of a typical charge
amplifier is shown in Fig. 1. As can be seen from
Fig. 1, the piezoelectric sensor is connected between
ground and the “virtual ground”, because of which the
voltage across the sensor is always zero. This fact is the
reason for the insensitivity of the charge amplifier to
the capacitance of the connecting cable.

The amplifier functions as follows: capacitor C is
charged to voltage U,,; by transducer current /.

A

U out

Fig. 1. Simplified schematic diagram of a charge
amplifier

The current in the transducer is generated when it
is deformed as a result of the direct piezoelectric effect,

ie.

Q.
C )
where U,y is the output voltage of the charge ampli-
fier, Qs = fOT isdt is the charge generated at the
electrodes of the piezoelectric transducer @, and C' is
the feedback capacitance. Or

Uout o 1
Q. ¢ W

Uout =
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As is well known, the charge @ is proporti-
onal to the pressure on the transducer electrodes;
consequently, the output voltage of the charge amplifier
is also proportional to the pressure on the transducer
electrodes. By knowing the area of the transducer
electrodes, it is possible to determine the force causing
this pressure.

The simplified diagram in Fig. 1 is an idealized
representation. For the amplifier to operate correctly, it
is necessary to ensure that a bias current flows through
the inverting input. This is achieved by modifying the
circuit, as shown in Fig. 2.

I, C
1T
Ir R
Is lin DA

Uout

Fig. 2. Complete circuit diagram of the charge amplifier

For this circuit, the following system of equations can
be written:

1
Uout = 6/‘[(; dta
Ic :Is 7IR7Iina

Uou
IR = Rta

Uout
Ii = 5

Rin

where I, is the capacitor charging current, Ir is the
current through resistor R, I;, is the input current of
the inverting input, R is the circuit resistance, and R;,
is the input resistance of the inverting input.

Or, by applying the Laplace transform:

_ I(p)
Uout(p) = oC
I.(p) = I(p) — Ir(p) — Lin(p),
Ir(p) = Lﬂ};(p),
Tin(p) = P22,

where p is the Laplace complex frequency variable.
From this system of equations, consider that

Ls;f?) = Qs(p)

we can obtain:

_ Qs (p) pRsC

Uou(p) = =5 1+ pRsC

where RZ = m

If R;, > R, then the effect of the input resistance
R;, can be neglected, and formula (2) can then be
written as:

_ Qs(p) _pRC
C 1+pRC~

Uout (p)

Therefore, resistor R allows the input current to
flow through the operational amplifier, but this circuit
is unsuitable for quasi-static operation. By ‘quasi-static
mode’ we mean an operating mode in which the charg-
ing rate of the capacitor C' is low, and the charge Qs
applied to this capacitor is retained for a long time.

The cut-off frequencies of the transducer signals,
above which the effect of resistor R on the amplifier’s
output voltage (and the measurement accuracy) can be
considered negligible, can be defined as:

10
ws > RC
where w; is the angular frequency of the input signal
(an error of approximately 1 — 0.5%).

For typical values of R = 10 Mohm and C = 1 nF,
the cut-off frequency is ws = 1000 rad/s, or fs =
160 Hz.

Consequently, the task of broadening the band-
width of charge amplifiers in the low-frequency range
remains a pressing issue, and numerous articles [2-15]
have been devoted to this topic. Article [2] proposes a
charge amplifier which, thanks to a slight complication
of the circuit compared to the classic design shown
in Fig. 2, provides a lower cut-off frequency of fs =
0,2 Hz, as well as a low bias voltage of Uyg =~ 210 V.
However, the amplifier proposed in [2] does not pro-
vide offset voltage compensation for a unipolar output
voltage. It also does not support single-measurement
mode for unipolar signals.

1 Charge amplifier for quasi-
static measurement mode

This article proposes a charge amplifier topology
that enables quasi-static operation (i.e. single charge
measurements) and is characterized by significantly
lower sensitivity to in-phase noise. A simplified dia-
gram of the amplifier is shown in Fig. 3. In this
amplifier, the process of ‘transferring’ charge from the
piezoelectric sensor to the capacitor is divided into
two stages. First, the sensor current is amplified, and
then the capacitor is charged with a current propor-
tional to the sensor current. Preliminary amplification
of the sensor current will allow for an increase in the
capacitance in which the charge is stored. An increased
capacitance of the capacitor will be less sensitive to
the discharge current caused by the presence of an
external load. This will improve the accuracy of the
measurements, as the capacitor will be discharged more
slowly.
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Fig. 3. Proposed circuit diagram of a charge amplifier suitable for quasi-static measurements

The amplifier shown in Fig. 3 operates as follows:
the current from the piezoelectric sensor QZ1, flowing
through the feedback resistors of the balanced inverting
amplifier which consist of DA1 and DA2, causes an
output voltage Ud to appear at the outputs of the
operational amplifiers DA1 and DA2. This voltage is
amplified by the differential amplifier DA3. The current
amplifier, which consist of the voltage follower DA4
and the two current mirrors VI3-VT6, charges the
measuring capacitor C1 with a current proportional to
the output voltage of the differential amplifier DA3.
Immediately before the measurements, switch S2 is
opened. Before this, switch S2 keeps capacitor C1
discharged. At the same time, switch S1 is closed,
connecting the measuring capacitor to the amplifier
output. Switch S1 remains in the closed position
until the measurements are complete. The criterion
for terminating the measurements, particularly in the
case of an aperiodic process, may be the attainment
of a zero current level in sensor QZ1. An aperiodic
process may occur when using an aperiodic excita-
tion mode for the piezoelectric transducer [3,4]. Once
the measurements are complete, switch S1 opens, put-
ting capacitor C1 into charge-holding mode. Once the
measurement results have been processed, switch S2
closes, discharging capacitor C1. Thus, the measuring
capacitor C1 and the amplifier are switched to standby
mode in preparation for the next measurement.

Let R1 = R2 = R;g,, R4 = R3 =R/, R5 = R6 =
R",and R8 = R;c, in the circuit shown in Fig. 3. Then
the expression for the output voltage is:

_ Qs 2RzQz R (3)
Cl R R

where Uy is the voltage across capacitor C1, R;q. is
the equivalent input resistance of the sensor branch,

R;c is the equivalent resistance of the capacitor-
charging branch, and R’, R” are the resistances of

Uci

the differential-stage branches. To achieve equivalence
between the output voltage (3) of the proposed ampli-
fier and the output voltage of the idealised amplifier
(Fig. 1), the capacitance of the measuring capacitor
C1 must be equal to:
2R;q. R"
Ric R~
Capacitors with a higher capacitance discharge
more slowly under an external load and can provide
a longer measurement time.

Cl=C

2 Analysis of the errors in the
proposed charge amplifier

Errors that arise during measurements can be divi-
ded into two categories:

1. Errors arising during the charging of capacitor
CL.

2. Errors arising during the storage of the charge in
capacitor Cl1.

Errors in charge storage are caused by the self-
discharge current I, of capacitor Cl1 and the dis-
charge current Igo through the resistance of the open
switch S2. Thus, we can write:

1 T
UCl(t) = UCl(O) - ﬁ/ (Idch(t) + Isg(t)) dt 5
0

where ¢ is time, and 7 is the integration interval
(measurement duration). In differential form:

averlt) 1, )
dt C1 ol Racn - Rso Cl-R ’

where Rgo and Ry, are the open-circuit resistance of
switch S2 and the leakage resistance of capacitor C1,

Ryen + Rs2
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Fig. 4. Diagram for analyzing the effect of operational amplifier offset voltages on the accuracy of the output
voltage

respectively, R; is the equivalent leakage resistance, and
these resistances are assumed to be independent of the
applied voltage.

Rgch + Rso

Rach - Rsz

where R is the equivalent parallel resistance. The
solution to this equation is the function:

Ry =

U (t) = Ucl(O)ei CLR] .

From this expression, it is possible to determine
the maximum duration of the measurement processing,
during which the measuring capacitor C1 will discharge
to a level no lower than the specified value:

TZ—RMCI-IHO&, (4)

T 1)
gf;ig();’ Uci(m) = Uer(0) (1 — 100), and
0 is the permissible capacitor discharge, in per cent, as
specified by the measurement accuracy requirements.

A capacitor with an NPO (Negative-Positive-Zero
temperature coefficient) dielectric and a capacitance
of 0.1 uF has a leakage resistance [16] Rgen = 1 %
10" Ohm; the switch based on field-effect transistors
within the CD4066 (CMOS Quad Bilateral Switch)
integrated circuit has an on-resistance [17], Rga =
1 x 10'* Ohm; therefore, Ry =105 - 10!, According
to formula (4), the measuring capacitor will discharge
by 1% in 7 = —0,5-10''-0,1-10=%1n 0,99 ~ 5 s, which
is more than sufficient for carrying out measurements.

The errors that arise during the charging of the
capacitor are mainly due to the offset voltages of the
operational amplifiers. A circuit for analysing the effect
of offset voltages on the accuracy of the output voltage
is shown in Fig. 4.

The output voltage Ud of a balanced inverting
amplifier with amplifier bias voltages Uygr and Upggo
is equal to:

Ud=2R;q: - I + | Uosir| + | Uosr] -

where o =

The output voltage of the differential amplifier Ug;yy
with a bias voltage Uygs is equal to:

Uditf = 2Riqz - Is + | Uottr| + | Uosiz|] - —+

R//
+ | U3 {1+ R,] .

The voltage U,y is equal to:

/!

R
Uout = [2 Rin I+ | UOffl| + | UOﬁQ” ' F_F
1

R
+ | Uors] [1 + R’] + | Ustral

where Uygy is the bias voltage of the output stage.
The output voltage of the amplifier (the voltage across
capacitor C1) is equal to:

Uci =

1
~ C1-R;.

1

R
([QRin'Qs+|Uoffl T+ | Usgr2| - 7] - FJF

/!

R
+ | Uosrs] {HR,} ~T+|Uoﬂ4.7>, (5)

where 7 is the time when switch S1 is closed.

As can be seen from equation (5), the bias voltages of
the operational amplifiers result in an additional error
voltage, which, at the end of the measurement, is:

/!

1
AUCl = C1l-R: ([Uoffl 'T+UOHQ 'T} : ﬁ+

(6)

R//
+ Uotrs [14-1%,} T+ Ustta 7| .

It can be seen from equation (6) that the offset
voltages of amplifiers DA1-DA3 have the greatest
influence on the magnitude of the error, as they are
multiplied by the corresponding gain factor.
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Fig. 6. Schematic diagram of a charge amplifier for quasi-static measurements

The most unfavorable situation arises when all the
offset voltages have the same sign. It is also possible
to partially compensate for the bias voltages of the
amplifiers, particularly when the amplifiers are of the
same type, i.e. they have the same probability density
function for the bias voltages.

The problem of zero drift caused by offset voltage
is discussed in [8]. To compensate for the effects of the
charge amplifier’s offset voltage, a digital automatic
control system based on a PI (Proportional-Integral)
controller and a master controller is proposed. This
master controller calculates the parameters of the PI
controller and sets the sampling rate of the data

board’s ADC (Analog-to-Digital Converter). A charge
amplifier with such a compensation system has a lower
cut-off frequency of fs = 1mHz, but cannot process
signals containing a DC (Direct Current) component
in single-shot measurement mode.

In the proposed amplifier, to compensate for the
effect of the offset voltage AUgi, the voltage Uy
across resistor R;. is measured immediately prior to the
main measurements (Fig. 5). At the same time as the
measurements begin, and in synchronization with the
closing of switch S1, close switch S3 to start charging

[igm . Thus,

the drift in the output voltage caused by the zzcharge on

capacitor C1 with a current of I.omp = —
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the measuring capacitor C1 is fully compensated. The
temperature drift of the bias voltages during quasi-
static measurements (10-100 s) is small. The circuit
diagram of the charge amplifier with the proposed
zero-drift compensation system is shown in Fig. 5

A prototype was built to test the proposed ampli-
fier; its circuit diagram is shown in Fig. 6 (without an
offset voltage compensation system).

The charge amplifier itself consists of operational
amplifiers DA1.1-DA1.4 and DA3, transistors VT1-
VT6, field-effect transistor switches within the CD4066
integrated circuit, resistors R1-R9, diodes VD1 and
VD2, and capacitor C1. The part of the circuit compri-
sing the operational amplifier DA3, transistors VT7-
VT11, capacitor C2, resistors R10-R19, diodes VD3-
VD7, and switches SB1 and SB2 forms a comparator
and a trigger. This part of the circuit connects capaci-
tor C1 to the amplifier output via the CD4066 switch
when a positive current is present and disconnects
C1 when the current reaches zero. In this way single-
measurement mode is implemented. Figure 7 shows the
waveforms of the characteristic voltages that occur in
the amplifier during measurements.

Fig. 7. Quasi-static measurements. Weighing a load of
0.25g: 1 — voltage proportional to the piezoelectric
transducer current; 2 — voltage across the capacitor

The scale division for curve I is 5 V per division,
for curve 2 — 1 V per division. The time scale is 50 us
per division.

The prototype circuit shown in Fig. 6 is not without
its drawbacks. The most important of them is a certain
disproportionality of the capacitor charging current
to the input current of the current mirrors (current
through resistor R8). This disproportionality is due to

the Early effect. To reduce the influence of the Early
effect, it is advisable to use Wilson current sources.

Conclusions

For quasi-static and single-shot measurements, it
is important to minimise the discharge current of the
capacitor in which the piezoelectric transducer’s charge
is stored. In classical charge amplifier circuits, this
capacitor forms part of the negative feedback loop.
To ensure the amplifier functions correctly, a resi-
stor must be connected in parallel with the capacitor,
which significantly limits the performance of conventi-
onal charge amplifiers when performing quasi-static
and single-shot measurements. This paper proposes an
amplifier in which the capacitor is located outside the
negative feedback loop and therefore does not require
the connection of an additional parallel resistor. The
amplifier also amplifies the piezoelectric transducer
current, allowing the use of a capacitor with a hi-
gher capacitance, which discharges more slowly to the
external load. Furthermore, due to the symmetry of the
input circuit, the proposed amplifier is less sensitive to
common-mode interference.

It is promising to implement the amplifier as a
component of a specialized integrated circuit for pi-
ezoelectric measuring systems. An integrated amplifier,
due to the identity of the components, will have signifi-
cantly better characteristics. In the integrated version,
it is possible to compensate for charge injection into the
measuring capacitor when switching keys on CMOS
structures, for example, by using dummy transistors.
In addition, integrated amplifiers usually have better
reliability.
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IMigcuaroBau 3apaay g KBasicTaTmd-
HUX i OJIUHUYHUX BUMiPIOBAaHb

Kupnamenxo I. M., Mosuaniox A. B.,
IHapxomenro B. O.

IlincumoBad 3apsigy € KIIO90BAM €JIEMEHTOM BHUMipIO-
BAJIPHUX CUCTEM Ha OCHOBI IT’€30€JIEKTPUYHUX EPETBOPIO-
Ba4iB, OCKIJIBKH TOYHICTH PEECTPAIIil CUTHAJIB 3HAYHOIO Mi-
POIO BH3HAYAETHCA MOTr0 xapakrepucrukamu. s BUCOKO-
YACTOTHUX CUTHAJIB ICHYIOTH eheKTUBHI TeXHIYHI pileHHs,
OJHAK peaJsii3allis MMiICATIOBAYiB JjId KBa3iCTaTUIHUX Ta
OJMHUYHUX BUMIPIOBAHb CUTIHAJIIB 13 IOCTIHHOIO CKJIa0BOIO

3a/INIIAETHCS CKJIAIHOIO Yepe3 PO3Psi[ HAKOIUIYBAJIHHO-
TO KOHIEHCATOPA, BIJINB HANIPYTU 3MIIIEHHS OTEPAITIHIX
MiICHTIOBAYiB Ta BUCOKY UyT/JUBICTH 10 CHH(MA3HUX 3aBaJ.

Y po6oTi 3aITPOIOHOBAHO HOBY aPXITEKTYPY IIiACUIIOBA-
Ya 3apAny I8 KBa3iCTATHYHUX 1 ONUHUIHUX BUMiDIOBAHb,
y 9Kiifi HaKOIWYIyBaJbHUII KOHJEHCATODP BUHECEHO 33 MeXKIi
KOJIa HETATUBHOTO 3BOPOTHOTO 3B’S3KY, 1[0 yCyBa€ HEOOXi -
HICTh BUKOPHUCTAHHS MapaJIeJIbHOTO PE3UCTOPA PO3PAIY Ta
3MEHIIYE BTPATH 3apsiiy I 9Yac TPUBAIMX BUMIPIOBAHbD.
HaykoBa moBu3Ha mossirae y po3poliii cxemu IIiICHIIoBa-
Ya 3apdaay 3 PO3MOIIEHHSM IIPOIECIB MiICHUIEHHSA CTPYMY
'€30aTUINKA T HAKOIUYIEHHS 3apsay, a TaKOXK y 3aIpo-
TOHOBAHOMY METO/i KOMITeHCAIii apeiidy, crnpuamHeHOro
HAIPYTOI0 3MINIEHHS OMEPAIINHNX MACUIIOBAYIB. 3aBITKI
CAMETPUYHIA CTPYKTYPi BXiJHOTO KacKaly TaKOXK JOCATHY-
TO 3HUKEHHS Iy TJIMBOCTI 70 CUHGA3HUX 3aBaJl.

IIpoBeneno TeopeTwuHMit aHAII3 OCHOBHUX IXKepeJT IIO-
XnOOK, 30KpeMa CaMOPO3PsLy HAKOINIYBAJbHOTO KOHIEH-
caTopa Ta BIUIUBY HAIPYyT 3MilIleHHS aKTHUBHUX €JI€MEHTIB.
ExcnepumenTtanbHa epeBipKa Ipane3IaTHOCTI 3aIIPOIIOHO-
BAHOTO DilleHHA OiATBePAW/Ia MOYKJIUBICTH MOr0 BHKODH-
CTaHHA [IJId KBa3iCTATUYHUX BUMIPIOBAHb 13 IIiABHUINEHOIO
TOYHICTIO TIOPIBHAHO 3 KJIACUIHUMH CXEMaMHU TIiICHIIOBAYIB
3apsmay.

IIpoamasiizoBarno HemOJIiKM MPOTOTHILY IIiACHIIOBA-
Ya. 3aIlpOTOHOBAHO NIJISXW TOJO0JIAHHS IUX HEIOIKIB,
BKA3aHO TMEPCIEKTUBYA PO3BUTKY IIJICHTIOBAYIB 3apsIy
1’€3011€PETBOPIOBAYIB, MOOYIOBAHUX 33 IIPUHIUIIOM DPO3-
JiJIeHHs] TIPOIECIB TICUIEHHSI CTPYMY IT €30[1aTYnKa, Ta
HAKONWYEHHs 3apsay. J0KpeMa, BUKOHAHHS IIiICUIIOBAYA
K YACTHHU CIeIiaIi30BaHol IHTerpajibHOI MIKPOCXEeMHU J1jist
11'€30€IeK TPUTHIX BHUMipIOBAJIBHUX CHCTEM JO3BOJIUTEH 3HA-
YHO TIOKPAITUTH HOTO XaPAKTEPUCTUKH.

Karo4061 cao6a: TiACHIIOBAY 3aPSY; 1T €30€IeK TPUTHII
epeTBOPIOBAY; BUMIpIOBaHHs; 00pOOKa
HU3bKOYACTOTHUX CUTHAJIIB; KOMIIEHCAIlid HAIPYIU 3Mi-
[IeHHS; [PUTHIYeHHsS CHHGA3HUX 3aBaJ; BUMIipIOBAJIbHA
€JIEKTPOHIKA

KBas3icTaTudHi
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