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Abstract—Charge drive circuits can significantly reduce
piezoelectric nonlinearity; however, they are rarely used in
practice because of their limited low-frequency performance,
their dependence of voltage gain on the load capacitance, and
their requirement for time-consuming tuning procedures. In
this report, a new charge drive circuit is proposed that uses
a controlled current source with voltage feedback to stabilize
the low-frequency behavior. This approach eliminates many
of the present difficulties and allows extremely low transition
frequencies without a long transient response. Experimental
results demonstrate that the proposed charge amplifier can effectively reduce piezoelectric hysteresis and creep to less than
1.3% at scan-rates of 10, 1, and 0.1 Hz.

I. Introduction

B

ecause of their high stiffness, compact size, and effectively infinite resolution, piezoelectric actuators
are employed in a wide range of industrial, scientific,
and commercial applications. Examples include scanning
probe microscope positioning systems [1], [2], fuel injection valves [3], and laser beam manipulation [4]. Although
piezoelectric actuators have several desirable characteristics, a major disadvantage is the hysteresis exhibited at
high electric fields [5], [6]. To avoid positioning errors,
many applications require some form of compensation to
account for nonlinearity.
The most popular technique for compensation of hysteresis is sensor-based feedback control using integral or
proportional-integral (PI) control [7], [8]. Such controllers are simple but are disadvantaged by cost, complexity,
limited bandwidth, and sensor-induced noise [9]. In some
applications, the requirement for a sensor can be relaxed
by self-sensing the position from the actuator current [10],
[11]. Alternatively, feedforward approaches use a model to
invert nonlinearity [12], [13]. A survey of feedforward and
feedback compensation techniques can be found in references [14] and [15].
An alternative technique for reducing hysteresis is to
drive the actuator with charge or current rather than voltage [16], [17]. Simply by regulating the current or charge,
the hysteresis nonlinearity can be reduced from approximately 10% of the range to 1% [18]–[20]. This technique
was originally reported by Comstock in 1981 [17]. Following this work, several variations and improvements apManuscript received August 23, 2012; accepted May 3, 2013.
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peared; for example, resistive feedback to compensate for
drift [18], grounded loads [19], switched capacitor implementation [21], and dynamics compensation [22].
Although the circuit topology of a charge or current
amplifier is much the same as a simple voltage amplifier,
the uncontrolled nature of the output voltage typically
results in the load capacitor being charged. To avoid this
problem, a resistive feedback network is commonly employed to stabilize the low-frequency behavior [18]. Unfortunately, this introduces a number for problems:
• the voltage gain is inversely proportional to the load
capacitance,
• the dc gain must be tuned to match the ac gain, which
can be an extremely slow process,
• the transition frequency is fixed by the component
values, and
• transition frequencies below 1 Hz are not practical because of the extremely long transient responses associated with a long time constant.
Because of these practical difficulties, the potential
benefits of driving a piezoelectric actuator with charge
have been largely ignored in commercial applications. To
overcome these difficulties, this article proposes a new
method for dc stabilization that utilizes a controlled current source. This method dramatically improves the easeof-use of a charge drive and has the potential to directly
replace a voltage amplifier in many applications.
In the following section, present charge drive circuits
are discussed, followed by a description of the active dc
stabilization technique. The performance of the active dc
stabilization technique is then examined experimentally
by driving a standard piezoelectric stack actuator. The
key performance characteristics and advantages of active
dc stabilization are summarized in the conclusions.

II. Existing Charge Drive Circuits
The schematic diagram of a floating-load charge drive
circuit is shown in Fig. 1. The piezoelectric load, modeled as a capacitor CL and voltage source vp, is shaded
in gray. The high-gain feedback loop works to equate the
applied reference voltage Vin to the voltage across a sensing capacitor Cs. Neglecting the resistances RL and Rs,
the charge q is
q = v inC s.
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That is, the gain is Cs coulombs/volt, which implies an
input-to-output voltage gain of Cs/CL V/V.
The foremost problems associated with charge drives
are due to stray currents, the finite output impedance,
and the dielectric leakage, modeled by RL. These effects
cause the output voltage to drift at low frequencies. However, by setting the ratio of resistances equal to the ratio
of capacitances, low-frequency error can be avoided. To
maintain a constant voltage gain, the required resistance
ratio is
RL
C
= s.
Rs
CL

(2)

The parallel resistances effectively turn the charge drive
into a voltage amplifier below the transition frequency:
fT =

1
Hz.
2πR LC L

(3)

Although the parallel resistances act to stabilize the
voltage gain at low frequencies, the amplifier now operates as a voltage source below the transition frequency
and a charge drive above it. A consequence is that significant reduction of nonlinearity only occurs at frequencies
above the transition frequency. Therefore, the transition
frequency must be significantly lower than the minimum
frequency of operation.
The time constant of the RC network is 1/2π fT and the
99% settling time is approximately 5/2π fT, so a low transition frequency will result in a long transient response
after turn-on or a transient event. For example, to operate effectively at 1 Hz, the transition frequency must be
0.1 Hz or less. This results in a time constant of 1.6 s
and a 99% settling time of 8 s, which may be impractical
for some applications. Therefore, to avoid excessively long
transient responses, the minimum operational frequency
of a standard charge drive is approximately 1 Hz.
A further inconvenience arises from the fixed nature
of the charge gain; the voltage gain of the amplifier is
inversely proportional to the load capacitance, which is
inconvenient if the load capacitance varies.

Fig. 1. Simplified schematic diagram of a charge drive [18].

• instead of tuning the dc gain to match the ac gain,
which is extremely slow, the ac gain is tuned to match
the dc gain, which is fast and straightforward,
• the transition frequency can be varied freely to suit
the application, and
• the transition frequency can be extremely low because
long transient responses are eliminated.
In Fig. 2, a standard charge source is connected to the
piezoelectric load shown in gray. The dc servo loop, shown
in blue, consists of a voltage divider 1/α, a summer, and
the current source Ic. The voltage across the load can
be computed by superposition. First, neglecting the resistance RL, the load voltage due to the charge source is

III. Charge Drive With Active DC Stabilization
The difficulties encountered with charge drives are primarily due to the method in which the dc gain is controlled. In present designs, the dc gain is controlled by
the resistors RL and Rs. In the following, these resistors
are replaced by a controlled current source that regulates
the low-frequency voltage gain and eliminates drift. The
major benefits of this approach are:
• the low-frequency voltage gain is fixed, rather than a
function of load capacitance,
• the resistors for setting the dc gain are eliminated,

Fig. 2. A charge drive with dc servo control. The dc stabilization loop is
shown in blue.
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V Lq =

Cs
V ,
C L in

(4)

where Cs is the gain of the charge source. The second
contributor to the load voltage is the current source Ic,
which is equal to
V 

I c = k i V in − L  ,

α

(5)

where ki is the gain of the current source in amps/volt. By
neglecting RL and applying Ohm’s law (VL = IcZ, where Z
= 1/CLs) the voltage due to the current source is
V Li =

k i(V in − V Li/α)
,
C Ls

(6)

where ki is the gain of the current source. Hence, the total
load voltage is
C
k (V − V L/α)
V L = s V in + i in
,
CL
C Ls

(7)

which is equal to
VL =

Cs
kV
kV
V + i in − i L .
αC Ls
C L in
C Ls

(8)

Thus,
k i  C s
kV

V L  1 +
=
V in + i in ,



αC Ls
CL
C Ls

(9)

and
VL =

Cs
1
k
1
V in + i
V in .
C L 1 + ki
C Ls 1 + k i
αC s
αC s

(

L

)

(

L

)

(10)
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the charge gain can be adjusted to equal the voltage gain.
That is, the charge gain should be such that
Cs
= α.
CL

(13)

If the charge gain is properly adjusted to Cs = CLα, the
transfer function is
V L(s)
β 
 s
= α.
= α 
+

s + β s + β 
V in(s)

(14)

That is, the voltage gain of the amplifier is α regardless
of frequency.

IV. Practical Implementation
The circuit diagram in Fig. 2 contains a grounded-load
charge source and a high-voltage current source, neither
of which are straightforward to construct in practice. Although there several methods in which the schematic in
Fig. 2 could be implemented, one simple method with desirable characteristics is shown in Fig. 3.
The circuit in Fig. 3 is identical in function to Fig. 2.
However, the load is now floating and the current source
appears in series rather than in parallel with the load.
The advantage of this approach is that the current source
is both grounded and exposed only to low voltages. This
is significant because a high-voltage current source is difficult to construct with the requisite performance for this
application—that is, with low noise, low drift, high impedance, and low offset current.
To allow variation of the charge gain, a gain of kq ≥ 1 is
incorporated into the charge feedback loop. This decreases
the overall charge gain to

Therefore, the transfer function from the input to the load
voltage is
V L(s)
C
s
β
= s
+α
,
(s + β)
V in(s) C L (s + β)

(11)

where β = ki/αCL is the transition frequency in radians/
second. In hertz, the transition frequency is
fT =

ki
,
2παC L

(12)

which would typically be less than 1 Hz.
The transfer function (11) consists of two parts, one
related to the charge source, which is effectively high-pass
filtered, and another related to the dc stabilization loop,
which acts as a complementary low-pass filter. Because
of these complementary filters, the amplifier acts like a
charge source above the transition frequency and a voltage
amplifier below it (with a gain of α). If the dc gain is fixed,

Fig. 3. Practical implementation of a charge drive with dc stabilization
circuit (shown in blue).
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charge gain =

Cs
C/V.
kq

(15)

The gain kq also reduces the equivalent voltage gain to
Cs/kqCL. Because kq only reduces the charge gain, Cs
should be designed to provide sufficient gain with the largest expected load capacitance. That is,
C s ≥ αC L.

Cs
= α.
k qC L

the peak amplitude of the load voltage was equal to the
dc value.
A major benefit of the proposed charge drive is that extremely low transition frequencies are possible. To achieve
a transition frequency of 7.8 mHz, the required current
gain is ki = 5.5 μA/V. If resistive feedback was used, the
resistance values required to obtain a transition frequency
of 7.8 mHz would be

(16)

With a smaller load capacitance, kq can be used to match
the dc and ac voltage gain. That is, the equivalent gain is:
(17)

V. Experimental Results
The efficacy of the proposed technique is demonstrated
by comparing the response of a piezoelectric stack when
driven with a standard voltage amplifier and the proposed
charge drive. The actuator is a Noliac SCMAP02-10mm
multilayer piezoelectric stack actuator (Noliac A/S, Kvistgaard, Denmark) with a full-scale voltage of 60 V, a range
of 10.6 μm, and a capacitance of 5.6 μF. The cross-section
is 5 × 5 mm and the length is 10 mm. As shown in Fig.
4, the actuator is mounted horizontally with a polished
aluminum cube bonded to the top to provide a suitable
sensor target. The capacitive sensor is a Microsense 6810
active probe (Microsense LLC, Lowell, MA) with a sensitivity of 2.5 μm/V, a range of 50 μm, and a stand-off
distance of 50 μm.
Because the load capacitance is 5.6 μF, a charge gain
of Cs = 120 μC/V was selected. This provides a maximum
voltage gain of 21.4, which is sufficient to achieve the desired voltage gain of α = 20. The ac gain of the amplifier
was calibrated by applying a 1.25-V (peak) sine-wave with
an offset of 1.25 V. The charge gain kq was adjusted until

Fig. 4. A horizontally mounted piezoelectric actuator facing a capacitive
displacement sensor.
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Rs =

1
= 170 kΩ, and R L = 3.40 MΩ.
2π f TC s

Therefore, with resistive feedback, the time-constant of
the RC network is 20.4 s, so the settling time after turn-on
or a transient event is more than 100 s, which is not practical. With active dc stabilization, the long settling time
can be reduced to less than a second by briefly increasing
the current gain from ki = 5.5 μA/V to 1 mA/V.
To evaluate the linearity of the charge driven piezoelectric actuator, a 50-V triangular scanning pattern was
applied at 10, 1, and 0.1 Hz. The resulting actuator displacements when driven by voltage and charge are plotted
in Fig. 5. In this plot, the input signal was normalized to
allow a straightforward linearity comparison between the
input and displacement.
With a 10 Hz input frequency, the maximum deviation from linear in Fig. 5 is ± 1.7% and the rms error
is 0.97%. The actuator linearity can also be observed in
Fig. 6, where the displacement is plotted against the input voltage and charge. The maximum nonrepeatability in
the charge-driven case is 102 nm at 10 Hz (1.2%) versus
840 nm (10.5%) with a voltage amplifier. Although the
actuator is not perfectly linearized, the remaining nonlinearity is primarily static. That is, the residual nonlinearity could be inverted by a polynomial, spline, or look-up
table.
When the scan speed is reduced to 1 Hz, there is no
significant change in performance. At 1 Hz, the maximum
deviation from linear was ±1.9% and the rms error was
1.03%. The maximum nonrepeatability in the charge-driven case was 105 nm (1.3%) versus 820 nm (10.2%) for the
voltage-driven case.
As discussed in Section II, the lowest practical frequency of operation for a charge amplifier with resistive feedback is approximately 1 Hz. However, because of the low
transition frequency of the proposed design, operation at
0.1 Hz and below is feasible without loss of performance.
At 0.1 Hz, the maximum deviation from linear was ±1.8%
and the RMS error was 1.01%. Furthermore, the maximum nonrepeatability of the charge driven actuator was
83 nm (1.0%) versus 788 nm (9.9%) for a voltage amplifier.
Because of the low frequency of the 0.1-Hz scan, a significant amount of creep is also exhibited by the voltagedriven actuator. The full-scale displacement at 10 Hz is
7.79 μm, whereas at 0.1 Hz, the displacement increases to
8.40 μm, which is an increase of 7.3%. When the actuator
is driven by charge, the full-scale displacement only in-
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Fig. 5. The displacement resulting from a 50-V triangular scan pattern at 10, 1, and 0.1 Hz.
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Fig. 6. The displacement versus input charge and voltage for 10, 1, and 0.1 Hz scan rates.
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TABLE I. Practical Comparison of Charge Drives (With a Transition Frequency of 0.01 Hz).
Characteristic

Charge drive with
resistive feedback

Charge drive with
active dc stabilization

Voltage gain
DC gain
Transition frequency
AC gain
Recovery from transients
Speed of tuning gain
Offset/bias voltage

Based on load capacitance
Must be tuned to ac gain
Inflexible
Inflexible
Slow (e.g., 80 s)
Very slow (minutes)
Varies with gain

Fixed
Fixed
Variable
Variable
Fast (e.g., 1 s)
Fast (seconds)
Fixed

creases 1.1% from 7.92 μm to 8.01 μm when the frequency
is changed from 10 Hz to 0.1 Hz.
The maximum repeatability error of 1.3% exhibited
by the charge driven actuator may eliminate the need
for closed-loop control in applications that require accurate periodic motion, such as scanning probe microscopy
[20], [23].
VI. Conclusions
Although charge drives can significantly reduce piezoelectric nonlinearity, they are rarely used because of their
limited low-frequency performance, their dependence of
voltage gain on the load capacitance, and their requirement for time-consuming tuning procedures.
In contrast to present designs that use resistive feedback, the proposed charge amplifier uses a controlled
current source with voltage feedback to stabilize the lowfrequency behavior. This approach eliminates many of the
present difficulties and allows extremely low transition frequencies without a long transient response. A summary of
the improvements is given in Table I.
Experimental results demonstrate that the proposed
charge amplifier can effectively reduce piezoelectric hysteresis and creep at 10, 1, and 0.1 Hz in a 60-V piezoelectric stack actuator. The repeatability error, which is the
maximum difference between the forward and backward
scan paths, is summarized in Table II. At all speeds, the
charge drive reduces error to less than 1.3% of the scan
range. This is approximately one-ninth the error experienced when using a voltage amplifier. In many applications, such as scanning probe microscopy, a scan error of
1.3% may reduce or eliminate the necessity for closed-loop
control. Hence, the use of a charge amplifier could significantly reduce the size, complexity, and cost of piezoelectric positioning systems.
TABLE II. Comparison of Repeatability Errors in VoltageDriven and Charge-Driven Piezoelectric Actuators.
Repeatability (%)
Scan speed
(Hz)
10
1
0.1

Voltage
amplifier

Charge
drive

10.5
10.2
9.9

1.2
1.3
1.0
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