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A 10-A High-Precision DC Current Source
With Stability Better Than 0.1 ppm/h
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Abstract—The principle, design, and measurement of a
10-A highly stable dc current source is described. Based on a
modified low-frequency equivalent model of the MOSFET, we
obtain the strict current equation of the MOSFET-based voltage-
controlled current source. Factors determining the current sta-
bility are investigated and reasonable selection criteria for the
key components are discussed. Reasons for oscillation due to
the high parasitic capacitance of the paralleled MOSFETs with
low set of drain—source voltage are explained and a combined
noise gain and lead compensation method is proposed. The best
measurement results show that the relative standard deviation
and relative drift of the current in 1 h are, respectively, 7.5 x 10-8
and 2.2 x 108, The current source has been used in our high-
current meter stability evaluation experiments and can be used
for other cases with appropriate improvement, such as the Joule
Balance Project to redefine the kilogram at National Institute of
Metrology.

Index Terms— Current source, current supply, joule balance,
standard current, transconductance amplifier, voltage-controlled
current source (VCCS).

I. INTRODUCTION

O EVALUATE the stability of the ultraprecision high-

current meter being developed by our team at National
Institute of Metrology (NIM), a 10-A dc current source with
stability better than 1 x 1075/h is required. However, there is
no commercial current source that can satisfy this requirement.
A possible solution has been introduced in [1], but it is too
complicated to be achieved within a short time. A relatively
simple solution has been proposed by us on the CPEM
2014 [2], and as in [3]-[5], the key circuit is a MOSFET-based
transconductance amplifier, as shown in Fig. 1. It is essentially
a voltage-controlled current source (VCCS) and its operating
principle can be found in [2].

Compared with published approaches [3]-[5], the main
improvement made by us in [2] is the current stability. To
that end, we applied almost the best commercial voltage
reference and sample resistor. However, as in [3]-[5], the
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Fig. 1. Key circuit of the MOSFET-based 10-A VCCS used in [2] and in
this paper.

selection criteria for the key components are qualitative and
the only theoretical basis is the ideal current equation, which
is obtained under a series of assumptions [2]. To further
improve the current stability, it is necessary to obtain the strict
current equation containing the parameters ignored in [2], thus
establishing a theoretical basis for the reasonable selection
criteria of the key components.

Another improvement achieved in [2] is the extending of
the output range and the reduction of power dissipation on
the MOSFET. For that, five MOSFETs in parallel mode
with low set of drain—source voltage were used. However,
multi-MOSFETs in parallel mode with low drain—source
voltage bring in high parasitic capacitance, thus leading to
oscillation. To stabilize the loop, it is necessary to investigate
the reasons for oscillation and seek for solutions.

In this paper, the strict current equation of the VCCS is
derived on the basis of a modified low-frequency model of the
MOSFET. Based on the strict equation, factors determining
the current stability are analyzed and reasonable selection
criteria for the key components are established. We have built
the high-frequency equivalent circuit of the VCCS and found
out that the oscillation is caused by the combination effect
of the high parasitic capacitance of the multi-MOSFETSs and
the open-loop output impedance of the operational ampli-
fier (op-amp). To eliminate the oscillation, a combined noise
gain and lead compensation method is proposed. Finally, a
10-A dc current source with stability much better than 1x10~°
is realized and tested.

II. PRINCIPLE
A. Strict Current Equation

To derive the strict current equation, we have established
the low-frequency equivalent circuit of the VCCS. The dotted
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Fig. 2. Low-frequency equivalent circuit of the VCCS with one MOSFET
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box in Fig. 2 shows the modified low-frequency model of the
MOSFET.

For a MOSFET operating in the active region, the drain
current equation can be written as

1
Ip = Egm(VGS - Vr) (1)

where Ip is the drain current, gm is the low-frequency
transconductance, Vgs is the gate—source voltage, and Vr is
the threshold voltage. Detailed derivation of this equation
can be found in [6], where the relationship between this
equation and the familiar square-law equation is described.
Equation (1) implies that the drain current is independent
of the drain—source voltage Vps. However, this indepen-
dence is true only when the channel-length modulation effect
is ignored. For a real MOSFET device, this effect cannot
be neglected because its output characteristic curve is not
absolutely flat. In our modified model, this effect is approxi-
mately expressed by the output impedance rgs of the MOSFET,
as shown in Fig. 2.

In Fig. 2, by solving the circuit equations written on the
basis of the Kirchhoff’s law, we obtain the strict current
equation as

LemA(VREF + ¢eq) — hgmVr + 2
L =
Lm(A + DRs + BSR4

)

where I is the stabilized load current, VRgF is the voltage
reference, Rs is the sample resistor, A and ecq are, respectively,
the open-loop gain and the equivalent input noise voltage
and drift of the op-amp, Ry is the load, and Vp is the main
power supply. Note that the input and the output impedance
(R; and R, in Fig. 2) of the op-amp are ignored, because
R, is usually much smaller than the input impedance of the
MOSFET (infinite in this model), and for high current source
Rs is usually much smaller than R;.

To obtain the ideal current equation, some assumptions
are made as follows. The A, rgs, and g, are large enough
and eeq, Rs, Rr, V1, and Vp are small enough. Under these
assumptions, the strict current equation can be simplified as

VREF

L= —
L Rs

which is the ideal current equation as described in [2]-[4].

3)
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By comparing (2) with (3), we can see that the strict
current equation contains almost all the key parameters of
the components used, while the ideal equation only contains
two. Therefore, by analyzing (2), main factors determining the
current stability can be found.

B. Factors Determining the Current Stability
By taking logarithm on both sides of (2), we obtain

1
In/p =1In [EgmA(VREF + eeq)rds — 7

1
—8&mVrrds + VP1|

1
—In [Egm(A 4+ 1)Rsrgs + ras + (Rs + RL)]. 4)

By taking total differential on both sides of (4) and based on

the assumptions made when deriving the ideal current equation

aforementioned, the following equation can be obtained as:
dl. __ dVRerp dRs 1 dA

deeg
I VREF

Rs +(1+A)A’ )
where it is assumed that eq < VREF.

In (5), dI /I is the relative change of I, i.e., the current
stability. Similarly, the items on the right side, including
dVRer/ VREE, decq/VREF, dRs/Rs and dA/A, are, respec-
tively, the relative change of VRgp, eeq, Rs, and A. Note that
the signs in (5) only indicate the direction of change rather
than magnitude. So, (5) implies that the stability of VrgF, Rs,
and eeq will directly determine the current stability, while that
of A is attenuated (1 + A) times. If A is large enough, effect
from A can be ignored. Now, factors determining the current
stability can be concluded as VRer, Rs, and eeq. Since no
correlation exists between them, there should be the following
relationship:

dl dVrer\? [ deeq \> (dRs\>
ey () () e
IL VREF VREF Rs
In our design, the requirement is dIp /I, < 1 X 107°.
According to (6), there should be
dR
=25 258x1077.
Rs
Equation (7) implies that the relative change of VRrgr, Rs,

and eeq should be, respectively, smaller than 5.8 x 10~7, which
are the selection criteria for the three most crucial parameters.

VREF

d VREF _ decq

@)

VREF VREF

III. DETERMINING THE KEY COMPONENTS

According to the analysis above, the key components in our
design can be concluded as VRgr, Rs, op-amp, and MOSFET,
and the selection criteria will be described in the following.

A. Voltage Reference and Sample Resistor

Equations (3) and (5) show that Vrgr and Rs are two
of the most important components. As shown in (3), I is
theoretically determined only by the ratio of Vrgr to Rs.
However, value selection of the two key components is a
tradeoff that requires comprehensive consideration. Higher
Vrer will help to improve signal-to-noise ratio (SNR), but
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more power will be consumed on Rs, thus deteriorates its
stability. Besides, higher Vrgr means higher common mode
rejection ratio (CMRR) of the op-amp will be required.

In our design, the required stability of Vrgp is better
than 5.8 x 10~7. As far as we know, voltage reference with
stability better than 1 ppm can only be realized by very
few ultraprecision zeners, such as LTZ1000 [1], [7]. Here, to
test the performance of the VCCS, a commercial dc voltage
standard named 732 B from Fluke is used. To reduce the power
dissipation on Rg and to guarantee the SNR, the 1.018 V
output is selected. Test results show that the stability of the
1.018 V output with a voltage buffer well designed is better
than 0.1 ppm in 1 h, which is sufficient to our design.

Since the required current is 10 A, the value of Rg will
be about 0.1 Q, thus the power consumed on Rs will be
about 10 W. Besides, the required stability of Rs is better
than 5.8 x 1077, Resistors that can satisfy these requirements
are difficult to achieve [1]. Here, a 0.1-Q standard resistor
with rated power 50 W from Tinsley Corporation is used.
Test results show that its stability is better than 0.1 ppm after
2-h preheating and this performance is good enough for our
design.

B. Error Amplifier

For the op-amp in our design, the most crucial parameters
are dVos/dT (input offset voltage drift), e, (low-frequency
input noise voltage), A, CMRR, power supply rejection
ratio (PSRR), gain bandwidth product (GBW), and R,.

Since dVops and e, are equivalent to superpose on the input
of the op-amp and no correlation exists between them, there
should be the following relationship:

deeq = 3121 + (dVOS)2~ (3

According to (7), there is deeq < 0.59 uV. So, there should
be e, = dVos < 042 uV, ie., e, should be <0.42 uVp.p,
and dVops/dT should be better than 0.42 uV/°C.

According to (9), if effects from dA/A can be ignored,
A should be greater than 120 dB, which can be easily achieved.

As shown in Fig. 2, the common-mode input voltage of the
op-amp is about 1.018 V due to Vrgr and Vs. To reduce this
effect, the CMRR should be better than 120 dB.

To reduce the ripple and noise from the supply of the
op-amp, lead-acid batteries are used in our design. To further
reduce the effect from the supply, PSRR should be better than
120 dB.

In addition, the GBW and R, should be as small as possible,
because larger of them will increase the difficulty of stabilizing
the feedback loop, which will be discussed in Section IV-A.

In our design, OPA227P from Texas Instruments is used. Its
parameters satisfy all the requirements discussed above except
that the GBW is little high for dc source.

C. MOSFET

For the MOSFET in our design, the most key parameters
are rds, &m, Rps(on) (drain—source on-state resistance),
Cgs (gate—source capacitance), and Cgq (gate—drain
capacitance).

glfligh—ﬁ‘equency model of five
iIMOSFETs in parallel mode
écgsp = SCgsandp = chda Emp = ng

Fig. 3. High-frequency small-signal equivalent model of the 10-A VCCS to
explain the reasons for oscillation.

As discussed in Section II, a larger r4s is beneficial to the
current stability. However, this parameter is always not given
in the datasheet. Here, there is a rule of thumb that the higher
Vbsmax) (drain—source breakdown voltage) is, the more flat
the output characteristic curve will be, i.e., the rgs will be
larger.

From the typical input characteristic curve of the MOSFET,
one can see that with drain current increasing gp, will increase.
So, for the same type of MOSFET, to achieve a larger gp,
drain current should be set higher. However, higher drain
current means more power will be consumed, which will in
turn deteriorate the stability of the MOSFET. Consequently,
it is a tradeoff to set the drain current.

A larger Rps(on) means more power will be consumed
and more self-heat will be generated, thus will deteriorate
the stability of the MOSFET and that of other components
nearby. But on the other hand, from the typical on-resistance
versus temperature characteristic curve in the datasheet one
can see that along with temperature increasing Rps(on) Wwill
increase. This is a beneficial feature when multi-MOSFETs are
paralleled to use, because average-current resistors will not be
necessary. Of course, all the MOSFETSs should be installed in
the same temperature environment.

Lower Cgs and Cgq are beneficial to the loop stabilization,
thus avoid possible self-oscillation, which will be discussed in
Section IV.

In our design, to reduce power consumption on each
MOSFET, five IRFP460 from Vishay Group were used in
a parallel mode. To further reduce power dissipation, the
drain—source voltage on each MOSFET is set to 2 V. To ensure
consistent temperature on each MOSFET, the five MOSFETs
are fixed on a same heat sink with sufficient power.

However, multi-MOSFETs with lower drain—source voltage
will bring in higher parasitic capacitance, which will deterio-
rate the loop stability, thus leading to oscillation.

IV. REASONS FOR OSCILLATION AND COMPENSATION
A. Reasons for Oscillation

To investigate the reasons for oscillation, the high-frequency
small-signal equivalent model of the 10-A VCCS is estab-
lished, as shown in Fig. 3. Shown the dotted box is the
equivalent model of the five MOSFETs in parallel mode.
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Fig. 4. Gain versus frequency plot to explain the reasons for oscillation and
the method of the combined noise gain and lead compensation.

Cosp, Cgdp, and gmp are, respectively, five Cgg, Cgd, and g in
parallel mode. Since Rs and Ry are much smaller than rys in
our design, effect from rys is ignored. For power MOSFETsS,
parasitic capacitances, such as Cgs and Cgq, are usually high,
and they will increase with decrease of the drain—source
voltage. Datasheet of IRFP460 shows that Cgs and Cgq are
about 4300 and 3200 pF, respectively, when the drain—source
voltage is 2 V. So, effects from Cgs and Cgq cannot be ignored.

According to Fig. 3, the § (feedback factor) of the circuit
can be considered to be one, i.e., f = 1. So, the AcL
(closed-loop gain) of the circuit can be approximated to one,
ie., AcL ~ 1. As shown in Fig. 4, AgL is the open-loop
gain of the op-amp. In high frequency, due to the effects of
Ro, Cgsp, and Cggp, there will be an additional pole at fp with
frequency about 1/27 Ry(Cgsp + Cedp), Where it is assumed
that Rs and Ry are so small that Cggp and Cygp are equivalent
to grounding. Due to the additional pole, the Agp curve will
become Aormi. If the pole at fp is above the Acr curve,
the rate-of-closure of the Aormi and Acp curve will be
40 dB/decade at fc and the circuit will be unstable.

In our design, R, is about 40 €, which is the simulation
vale using the method in [8]. As a result, the corner frequency
at fp will be about 106 KHz. The GBW of OPA227P given
in the datasheet is 8 MHz, according to the analysis above,
the circuit will be unstable.

Using the high-frequency model of the five MOSFETsS in
parallel mode and the method proposed in [8], we obtain the
simulated gain and phase versus frequency plot of the circuit,
as shown in Fig. 5. The simulation results are consistent
with the approximate analysis shown in Fig. 4. The simulated
corner frequency at fp is about 93.2 kHz, which is very close
to the analysis value of 106 kHz. Since the rate-of-closure of
the Acr, and Aormi curve is about 40 dB/decade, the circuit is
unstable. The figure also shows that when the loop gain (in this
simulation, the loop gain curve is identical to the Agpm1 curve)
is 0 dB, the phase margin is about 0°, which also confirms that
the circuit will be unstable.

Note that the zero caused by the effects of Cgs, Cgq,
Rs, and Ry are not considered, because its frequency is much
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Fig. 5.  Simulation plot of the gain and phase versus frequency of the

10-A VCCS without compensation to verify the explanation of the reasons
for oscillation. In the simulation, op-amp = OPA227P, Cos = 4300 pF,
Cgq = 3200 pF, Ry =40 Q, R =02 Q, and gm = 2.

higher than the unity gain frequency of the op-amp and it will
be under the Acp curve. Besides, the frequency prediction
of fp is under the assumption that Rs and Ry, are so small
that Cgsp and Cgqp are equivalent to grounding. If beyond
this hypothesis, the accuracy of the estimation will be poor.
To predict the accurate frequency of the corner frequency of
the pole and zero, strict transfer function should be estab-
lished. However, it is usually not necessary in engineering
applications.

B. Compensation

According to the reasons for oscillation aforementioned,
solutions can be concluded as how the op-amp driving high
capacitive loads. Several methods have been proposed in [8]
and a noise gain compensation method (or lag compensation)
to stabilize the MOSFET-based VCCS has been proposed
in [9]. However, these methods cannot be directly applied in
our design. Fig. 5 shows that the gain at the additional pole
fp is about 40 dB. If only the noise gain method is used, for the
AcL curve, it is a long way to go from O to 40 dB, so more than
one pole and zero will be required. As a result, the method
in [9] will not be competent.

In our design, a combined noise gain and lead compensation
method is used. As shown in Fig. 6, Rr, R, and C; are the
components to constitute the noise gain compensation, while
R; and C; form the lead compensation.

The idea of this method is using the lead compensation
to modify the AporLmi curve and the noise gain compensa-
tion to change the Acr curve. As shown in Fig. 4, before
compensation, the intersection of the Acr, and Aoprm; curve
will be at fc. By adding the noise gain compensation, there
will be a zero at fz; and a pole at fp;. According to Fig. 6,
the corner frequency of fz; will be 1/27(Rr + Ry)C, and
that of fp; will be 1/2z RyC5. Since the gain at fp is about
40 dB, at fcwmi, i.e., the intersection of the Aopm; and
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Fig. 7.  Simulation plot of the gain and phase versus frequency of the

10-A VCCS with compensation to verify the proposed compensation method.
In the simulation, op-amp = OPA227P, Cgs = 4300 pF, ng = 3200 pF,
Ro=40Q, R, =02Q, gm =2, Ry =24kQ, C; = 6.6 nF, Ry =5kQ,
Rr = 10 kQ, and Cy = 100 nF.

Acrcm (the modified Acp curve) curve, the rate-of-closure
is still about 40 dB/decade. So, the circuit is still unstable.
By adding the lead compensation, there will be a pole at fpa
and a zero at f7. According to Fig. 6, the corner frequency of
fp2 is approximately 1/27 Ry(Cgs 4 Cgq) With an assumption
of Ri > R,, and that of fz is approximately 1/2z R C;j.
Now, the crossover frequency will move from fcmi to fomo.
At fcmz, the rate-of-closure will be about 20 dB/decade. So,
the circuit will be stable.

To demonstrate our first-order analysis above, the circuit
in Fig. 6 is simulated and shown in Fig. 7. The simulation
results agree very well with our first-order analysis. The loop
gain and phase plots confirm a stable circuit with phase margin
of about 71° at fcwmo. There is a slight dip of phase to under
45° between 1 and 8 kHz but not enough to cause concern.

Note that the real values of the passive components used
for compensation are different from that used for simulation
because the actual Cggp, Cggp of the MOSFETS and R, of the
op-amp may be different from the simulation value. Besides,
other parasitic effects, for example, the lead inductance and
capacitance are not considered in the simulation.

DMM (3458A)
Load
o—Lij—o——fvw—fYY“
Rwm
20, W |
RC CC
¢
D

Fig. 8. Test circuit of the introduced 10-A VCCS with a practical load.

V. MEASUREMENT AND RESULTS

A design of the introduced 10-A VCCS has been con-
structed and experiments have also been performed. The test
circuit is shown in Fig. 8.

The load is the input of a high-current meter to be evaluated,
which can be equivalent to a 0.1 Q resistor in series with a
5 mH inductor. Rc and Cc constitute the compensation net to
eliminate self-oscillation caused by the inductive load. A high-
speed diode with low leakage current is added to protect the
source when the load current has a sudden change, which will
generate a high induced voltage due to the inductor. Ry is
the measuring resistor, whose characteristic is identical to Rs.
Both the two resistors are calibrated under 10 A by the Guild-
line 6622A dc comparator resistance bridge combined with
the 6623A high current range extender with transformation
100:1 and ratio accuracy +£0.4 ppm. The values of the two
resistors are traceable to a 10 Q standard resistor, which has
been calibrated by the Quantum Hall Resistance standard at
NIM. To guarantee the stability of the two precision resistors,
a thermostatic oil bath with temperature stability of £2 mK
was used. Measurements were performed using the Agilent
3458A [8(1/2) digital multimeter] with 1 V range and a long
integration time (NPLC = 100) to measure the voltage on
the potential terminal of Ry. The accuracy of the multimeter,
which has been calibrated by the Josephson voltage standard
at NIM, is better than 0.5 ppm.

After 1-h preheating, measurements were performed in
continuous 10 h and the results are shown in Fig. 9(a).
In the first 5 h, the relative standard deviation (RSD) and
relative current drift (RCD) are, respectively, 3 x 1077/5 h
and 1 x 107%/5 h, while in the latter five hours, the RSD and
RCD are, respectively, 1.2 x 1077/5 h and 2.6 x 1077/5 h.
The obvious drift in the first 5 h is mainly due to the drift of
the sample resistor and the measuring resistor, whose thermal
equilibrium require a long time due to their large size. In the
first 2 h, the RSD and RCD in 1 h are, respectively, better
than 1.3 x 107"/h and 3.7 x 10~7/h while in the latter 8 h, the
RSD and RCD in 1 h are, respectively, better than 1 x 10~ 7/h
and 1.7 x 10~7/h. In the continuous 10 h, the best result in
1 h [as shown in Fig. 9(b)] shows that the RSD and RCD are,
respectively, 7.5 x 1078/h and 2.2 x 10~8/h.

Although the stability of the source is better than 0.1 ppm/h,
its short term (1 h) accuracy that can be guaranteed is only
about 0.5 ppm, which is mainly determined by the measuring
accuracy of the measuring resistor Ry and the multimeter.
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Fig. 9. Measurement results (a) in continuous 10 h and (b) in 1 h.

The repeatability of the source in 24 days is about 1 ppm,
which is mainly determined by the long-term stability of
the sample resistor Rs and the reference voltage Vrgr. The
relative change of Rs in a month is about 1 ppm, which is
also measured by the Guildline 6623A system under 10 A.
The long term stability of the Vrgr (1.018 V output of the
Fluke 732B) given in the datasheet is 0.8 ppm in a month. So
determined by the two key components, the repeatability of
the source is only about 1 ppm in 24 days.

VI. CONCLUSION

A relatively simple solution for a 10-A dc current source
with stability better than 0.1 ppm/h has been introduced. Some
key issues, including deviation of the strict current equation,
factors determining the current stability, reasons for oscillation,
as well as the compensation method of the source, have been
discussed.

Test results in the latter 5 h are satisfactory, but the current
in the first 5 h shows obvious drift. The drift is mainly
due to the long thermal equilibrium time of the cumbersome
sample resistor and the measuring resistor, which is the main
problem in this design. In addition, the long-term stability
and the repeatability of the source are poor and remained to
improve in the future. Besides used for evaluating high-current
meters, the source may be applied to estimate the stability of
small resistors in the range of 0.1 mQ to 10 Q as described
in [5]. By proper improvement, this source can be used for
other cases, such as the Joule Balance Project to redefine the
kilogram at NIM.
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