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Abstract. This paper introduces a new resistorless mixed-
mode proportional-integral-derivative (PID) controller. It
employs six simple transconductors and only two grounded
capacitors. The proposed PID controller offers several

advantageous features of resistorless configuration, use of

grounded capacitors, independent electronic-tuning char-
acteristic of its parameters, and mixed-mode operation
such as current, transimpedance, transadmittance, and
voltage modes. The parasitic element effects of the trans-
conductors on the proposed controller are investigated and
the improved low-frequency performance of the proposed
controller is then discussed. As applications, the proposed
controller is demonstrated on two closed-loop systems. The
PSPICE simulations with TSMC 0.18um CMOS process
and £0.9 V supply voltage verify the theoretical analysis.
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1. Introduction

In analog circuit design, many researchers have been
directed towards the development of voltage-mode and
current-mode circuits. However, the total effectiveness of
the circuitry will be increased if signal processing is per-
formed along with voltage-current interfacing using trans-
admittance or transimpedance mode. Moreover, the mixed-
mode circuit including voltage-mode (i.e. both input and
output as voltage), current-mode (i.e. both input and output
as current), transadmittance-mode (i.e. input as voltage and
output as current), and transimpedance-mode (i.e. input as
current and output as voltage) plays a very important role
in the special applications where we need to interface
a voltage-mode circuit with a current-mode circuit and vice
versa. Thus, the mixed-mode circuit has challenged many
researchers especially in modern microelectronic system
applications [1]-[4].

A proportional-integral-derivative (PID) controller is
an important controller finding application in a wide vari-
ety of control systems because of its simplicity in design,
low cost, and ease in parameter tuning [5]-[7]. Several
voltage-mode and current-mode PID controllers have been
reported using active building blocks such as second gen-
eration current conveyors (CCllIs) [8]-[11], current differ-
encing buffered amplifiers (CDBAs) [12], current con-
trolled current conveyors (CCCIIs) [13], and operational
transconductance amplifiers (OTAs) [14]. Most of the PID
controllers employ grounded capacitors [9], [10], [11],
[13], and [14]. Thus, these controllers are suitable for inte-
grated circuit implementation. Unfortunately, most of the
presented circuits require external resistors [8]-[13] and
lack electronic tunability [8]-[12]. Only one of those con-
trollers suggests resistorless structure design [14]. In [14],
eight OTAs and two grounded capacitors are used.
Although the resistorless PID controller of [14] offers the
attractive features of electronic tuning and the use of
grounded capacitors, it uses an excessive number of active
elements. Furthermore, all of the existing PID controllers
can be classified either as voltage-mode or current-mode.
No work has been done in the domain of mixed-mode PID
controller. So, it is the purpose of this paper to present such
a resistorless mixed-mode PID controller.

In this paper, a new resistorless mixed-mode PID
controller is presented. The proposed PID controller con-
sists of six simple transconductors and only two grounded
capacitors. The circuit exhibits several attractive features of
mixed-mode operation without changing its configuration,
resistorless structure, the use of grounded capacitors, and
electronic tuning characteristic of proportional gain, inte-
gral time constant, and derivative time constant parameters.
These parameters can be independently adjusted by bias
currents of the transconductors. In addition, parasitic ele-
ment effects of the transconductors on the proposed PID
controller at sufficiently low frequencies are examined in
detail. The PSPICE simulations are used to demonstrate the
performances of the proposed mixed-mode PID controller
and its applications.
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2. Circuit Description

2.1 Basic Circuit Approach

A basic circuit structure of the proposed resistorless
mixed-mode PID controller is shown in Fig. 1. It employs
ten voltage-controlled current sources and two grounded
capacitors. The current relation of node A4 produces
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Fig. 1. Basic circuit of the proposed mixed-mode PID
controller.

Setting k1 = ki’, ky = k', ks = ks’, and k¢ = kg’ gives
the following equations:

1, =k1(1+£+&)1/1, @)
sC 4
and
vk ks sGy 3)
kg sC, .

where k; is the transconductance gain of the /™ voltage-
controlled current source. From above equations, the cur-
rent, transimpedance, transadmittance, and voltage modes
of the proposed PID controller produce in the following
conditions:

(1) If I, = Iy, the following current-mode and trans-
impedance-mode transfer functions of the proposed PID
controller are respectively obtained:

Hys)=Tto kg b 56 )
Iy k& sC K
and
HZI(S):Q_L(1+£+&), (5)

I, kk,  sC K,

(i) If V; = Vyy, the following transadmittance-mode
and voltage-mode transfer functions of the proposed PID
controller are respectively given:

HGl(s)=I—0=k1(1+£+&), (6)
Viv s¢ 4
and
H(s)=To - fg ki 5G) (7
Vi ks sC, k,

2.2 Proposed Mixed-Mode PID Controller

This section presents the realization of the proposed
mixed-mode PID controller using transconductor-capacitor
approach. Therefore, the property of the transconductor is
briefly reviewed. The CMOS realization of a simple trans-
conductor using four transistors and two current sources is
shown in Fig. 2(a) [15]. It is assumed that all transistors
operate in the saturation region and the substrates of these
transistors are connected to their respective sources. The
PMOS and the NMOS transistors are also assumed to have
the same transconductance parameters. The equivalent
circuit of an ideal transconductor is shown in Fig. 2(b) and
the current outputs of the transconductor can be expressed
as

I,=—I,=g (V'-V"), (8)

where g, is the transconductance of the NMOS transistor

and defined by
/ w
gm = /,lnCOx TIB ’ (9)

where u, is the electron mobility, C,, is the oxide capaci-
tance per unit area, W/L is the aspect ratio of the transistor
and I3 is the bias current of the transconductor.

(b)

Fig. 2. (a) Simple CMOS transconductor, (b) its equivalent
circuit.

When the voltage-controlled current sources of the
proposed basic circuit as shown in Fig. 1 are replaced by
the transconductor of Fig. 2(a), the proposed resistorless
mixed-mode PID controller is shown in Fig. 3. It contains
only six transconductors and two grounded capacitors.
Routine analysis of this circuit produces transfer functions



934 V. SILARUAM, A. LORSAWATSIRI, C. WONGTAYCHATHAM, NOVEL RESISTORLESS MIXED-MODE PID CONTROLLER WITH...

which are in accordance with (4)-(7) setting k; = g,,;,, where
i 18 the transconductance of the ™ transconductor. Thus,
the current-mode, transimpedance-mode, transadmittance-
mode, and voltage-mode transfer functions of the proposed
PID controller are respectively demonstrated:

1
Hyy(s)=2o = 8m 14 8m 3Gy - 1)
N 8m SC &

Hyy(s)=Lo = &m_q 480 55 -
IN nggmG SC] gm4

I sC.
HGz(S):i():gml(l"'@"'iz)’ (12)
N SC &
and  H,(s)=Lo —Em (1 8m 5Gy (3
I/[N mé SC] gm4

4

Fig. 3. The proposed resistorless mixed-mode PID controller.

The comparison of H(s) = Kp(1+ 1/sT; + sTp) and
(10)-(13) provides the proportional gain (Kp), the integral
time constant (7;), and the derivative time constant (7))
parameters of the proposed mixed-mode PID controller in
the following equations:

K, =%, (14)
ng
Kpp=—Snl, (15)
nggm6
KPG :gml’ (16)
K,, =&, (17)
gm6
C
Tu:TM:Tm:T/V:il’ (18)
gm3
and G (19)
Ty =Tp, :TDG =T =—-

From (14)-(19), these parameters can be adjusted
electronically by changing the values of g,, via the bias
current of the i transconductor. The proportional gain, the
integral time constant, and the derivative time constant
parameters of the proposed resistorless PID controller can
be altered independently. It should be noted that the pro-
posed circuit is a resistorless PID controller like the previ-
ous circuit in [14], but the structure of the proposed circuit
requires less number of active elements than that of the
circuit of [14]. Furthermore, the circuit of [14] provides
a voltage-mode PID controller while the proposed circuit
offers a mixed-mode PID controller.

The sensitivities of the parameters of the proposed
mixed-mode PID controller with respect to active and
passive elements yield the acceptably low values as fol-
lows:

Kpp — _ QKpr —
ng] - ngz _1’ (20)
Kpz — _ QKpz — _ QKpz _
ngl - ngz - ngs - 1’ (21)
Kpg — QKpy — _ QKpr _
ngl - ngl - nge _1’ (22)
Ty _ Tw — QTz — Tz _
Sir=-Sl =8l =-§l* =1, (23)
Tie — o — QTw — Ty _
SCI - _ngz - SCI - _ng - 1 ’ (24)
Tpr — Tor — QTpz — Tnz —
SCZ - _ng4 - Scz - _ng - 1’ (25)
and
Tpe — TIne — QTor _— Tpy _
Scz - _ngztc - SCZ - _ng4 - 1 : (26)

2.3 Parasitic Element Effects

In this sub-section, the parasitic element effects of
transconductor on the PID controller performance are car-
ried out. Fig. 4 shows the equivalent circuit of the trans-
conductor including its parasitic elements. It is shown that
input terminals exhibit low-value capacitances C;. and C;.
and output terminals exhibit low-value capacitances Cp and
Cy with low-value conductances gp and gy, respectively.

Fig. 4. The equivalent circuit of the transconductor including
its parasitic elements.

Taking into account the above parasitic elements of
the transconductor, routine analysis of the proposed PID
controller as shown in Fig. 3 results in the following
equations:
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oL, @7
ng +yA
v, ZA(HQJFLD)VI —A, (28)
gm6+yV() yB gm4
and
[, =—8m (4 Em Ioyy oy A (29)

1+h Vs 8 s
gm6

where A, is given by

A =(1+22y— ey (30)
s &us Vo

where
Vi=8n2 +5(Crpy +Cpy +Cyy) (31
Ve =8m +5(C,+Cy, +C,), (32)
Ve =8p +8ps +8(Cp +Cpy +Cis ), (33)
Vo =8ns +8ps +8(C, +Cpy +Cyy +Crs), (34)
Vi =8ps +5Cp (35)

and

Vvo =8p3 +&ys T 8xe T5(Cpy + Cys +Cpg, +Cy) (36)

where Cjy, Cp., Cp;, Cyi, gp; and gy; are the parasitic ca-
pacitances and the parasitic conductances of the i™ trans-
conductor, respectively. Note that the terms of y4, yc, vz,
and yy, are effective at very high frequencies. In addition,
the effects of the parasitic capacitances Cyy, Cj3., Ciy+, Cra,
and Cps are negligible because these parasitic capacitors
are quite small as compared with the external capacitors
(C1 >> CNI + C13_ and C2 >> C14+ + CN4 + Cp5). AISO, the
parasitic conductance gy, in (32) affects the low-frequency
performance of the proposed PID controller. To reduce the
effect of the parasitic conductance, a negative grounded
conductor as shown in Fig. 5 is connected in parallel to the
external capacitor C; of the proposed PID controller as
shown in Fig. 3.

Fig.5. A negative grounded conductor as compensated
conductor.

The conductance of the negative grounded conductor can
be expressed as

1
&comp =ﬂ=_gm +8p- (37
Viy
From (37), the conductance g, should be selected greater
than gp to obtain a negative grounded conductor.

3. Application Examples

To illustrate the applications of the proposed mixed-
mode PID controller of Fig. 3, two closed-loop systems are
depicted in Fig. 6 and Fig. 7. The closed-loop system of
Fig. 6 employs the proposed PID controller for current-
mode and a current-mode low-pass filter as a plant. The
closed-loop system of Fig. 7 consists of the proposed PID
controller for transimpedance-mode and a transadmittance-
mode low-pass filter as a plant. Those PID controllers are
used to improve some performances of the closed-loop
systems.

s Proposed
> PID controller
for current-mode

Current-mode
low-pass filter

four (1)
»O

Fig. 6. Closed-loop system of the proposed PID controller for
current-mode and a current-mode low-pass filter.

The transfer functions of the current-mode and trans-
admittance-mode low-pass filters are respectively given in
the following equations:

PI(S) — gmxlgrmc3 , (38)
(gmxl + SCxl )(gmx2 + SCxZ)
Eny1E&my28my
and B,(s)= S22 (39)

(gmyz + SCyl )(gmy3 + SCyZ) .

The transfer functions of the closed-loop systems are
then expressed as

H,,(s)B(s)

M= R 0
and HCLZ(S) :M (41)
1+ H,,(s)P(s)

where Hp(s) and Hp(s) are current-mode and transim-
pedance-mode transfer functions of the proposed mixed-
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mode PID controller as shown in (10) and (11), respec-
tively.

Transadmittance-mode
low-pass filter

IVm)é
M M,

M

in(t

Proposed PID controller
for transimpedance-mode

1

Tour (1)
>0

Ipys
Ves™

Fig. 7. Closed-loop system of the proposed PID controller for
transimpedance-mode and a transadmittance-mode
low-pass filter.

4. Simulation Results

In order to confirm the theoretical validity of the pro-
posed mixed-mode PID controller, the transconductor as
shown in Fig. 2(a) has been simulated using PSPICE pro-
gram based BSIM3 level 7 transistor models for the TSMC
0.18 um CMOS process available from MOSIS [16] with
+0.9V supply voltage. To reduce the channel length
modulation effect of the MOS transistor, the channel
lengths of all transistors are selected as 0.54 um [17]. The
widths of the NMOS and the PMOS transistors are selected
as 3.6 pm and 9 pm, respectively.

The proposed mixed-mode PID controller as shown in
Fig. 3 is designed with Iz = 162 pA, I, = Izs = 18 pA,
133 = 134 = 135 =200 MA, C] =20 l’lF, and C2 = 0.02 nF for
the PID parameters of Kp; = Kpy = 3, Kp; = 18.75 kV/A,
KPG =0.48 mA/V, T[[ = T]V = T[Z = T]G = 36.36 us, and
Tpr=Tpy = Tpz; = Tpg = 36.36 ns. The power consumption
of the proposed controller is about 1.44 mW. The resulted
frequency responses of the proposed PID controller for
current, transimpedance, transadmittance, and voltage
modes are obtained as shown in Fig. 8 to Fig. 11. The
dashed and solid lines represent the ideal and simulated
responses of the controller, respectively. It should be no-
ticed that the simulated and the ideal frequency responses
of the proposed PID controller are in good agreement from
40 Hz to 40 MHz. The differences of them in the low- and
high-frequency regions primarily arise from the parasitic
element effects of the transconductors. Moreover, the
simulated frequency responses of the proposed controller
are rolled off at very high frequencies because of the para-
sitic element effects in (28) and (29). Then, the very high-
frequency noisy input can be reduced by the proposed
controller.

To illustrate the frequency-domain performance of the
proposed PID controller with compensated transconductor,
the parasitic conductance gy is computed as

gv1=5.64 nA/V. Then, the bias current of the compensated
transconductor of Fig. 5 is selected as Iz = 0.484 pA. As
examples, the ideal, uncompensated, and compensated
frequency responses of proposed PID controller for cur-
rent-mode and transimpedance-mode are shown in Fig. 12
and Fig. 13.

150

AN - —— Ideal

o Simulated

Current gain (dB)

-50
Im10m100m 1 10 100 1k 10k 100k IM10M 100M
Frequency (Hz)

Fig. 8. Frequency responses of the proposed mixed-mode PID
controller for current-mode.
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Im10m100m 1

Fig. 9. Frequency responses of the proposed mixed-mode PID
controller for transimpedance-mode.
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Fig. 10. Frequency responses of the proposed mixed-mode PID
controller for transadmittance-mode.
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Fig. 11. Frequency responses of the proposed mixed-mode PID
controller for voltage-mode.
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Fig. 12. Ideal, uncompensated, and compensated frequency
responses of the proposed PID controller for current-

mode.
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Fig. 13. Ideal, uncompensated, and compensated frequency
responses of the proposed PID controller for
transimpedance-mode.

It is noted that the simulated frequency responses of
the compensated PID controller agree well with the ideal
one from 6 mHz to 40 MHz (more than 9 decades).
Consequently, the compensated PID controller exhibits
better performance than the uncompensated one.

In Fig. 14 to Fig. 16, the electronic tuning feature of
the proposed mixed-mode PID controller is demonstrated.
The passive components of the PID controller are selected
as C; =20 nF and C, = 0.02 nF. Fig. 14 shows the propor-
tional gain Kp; as in (14) versus varying bias current I,
from 10 pA to 500 pA when other currents are preferred as
132 = 186 =18 HA and 133 = 134 = 135 = 200 },LA Flg 15
shows the integral time constant as in (18) versus bias
current Ip; from 10 pA to 500 pA as other currents are
selected as Iz; = 162 pA, Ip, = 18 pA, Iy = Ips = 200 pA,
and Ips = 18 pA. While using Iz; = 162 pA, Iz, = 18 pA,
Ip; = Iys = 200 pA, and Iz = 18 pA, the derivative time
constant as in (19) versus bias current Iz, from 10 pA to
500 pA is shown in Fig. 16. It is noted that the parameters
of the proposed PID controller can be electronically ad-
justed by control the bias currents of the transconductors.

6

5 L 4

0 100 200 300 400 500
Iy (WA)

Fig. 14. Proportional gain Kp; of the proposed PID controller
versus bias current /3;.

300 , . , .

250 1

200 1

150

100 ¢

50

Integral time constant (us)

0 100 200 300 400 500
g5 (RA)

Fig. 15. Integral time constant of the proposed PID controller
versus bias current /3.

In order to show the time-domain performance of the
proposed PID controller, its components are set as follows:
C] = Cz =0.1 IIF, 132 = IBG == 18 ]J.A, 133 = 134 =200 ]J,A,
Izs =20 pA, and Iz; = 25 pA, 50 pA, and 100 pA to realize
the integral time constant and the derivative time constant
parameters of 0.18 us and the proportional gain parameters
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of Kpy = 1.19, 1.69, 2.44, and Kp; = 7.44 kV/A,
10.56 kV/A, 15.25 kV/A, respectively. For examples, the
simulated step responses of the proposed PID controller for
current-mode and transimpedance-mode using 1 pA step
input with 10 ns rise time are shown in Fig. 17 and Fig. 18.

300 ' . : .

250 ¢

200 r

150 ¢

100

50

Derivative time constant (ns)

0 100

200 300 400 500
Iy (RA)

Fig. 16. Derivative time constant of the proposed PID
controller versus bias current ;.
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Time (us)

Fig. 17. Step responses of the proposed mixed-mode PID
controller for current-mode.

200m

150m

100m .

50m
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0 0.2 0.4 0.6 0.8 1.0
Time (us)

Fig. 18. Step responses of the proposed mixed-mode PID
controller for transimpedance-mode.

In the closed-loop systems of Fig. 6 and Fig. 7, the
current-mode low-pass filter is designed as C,; = 0.3 nF,
Cy, = 0.3 nF, and I, = Iz, = Iz3 = 100 pA and the low-
pass filter of Fig. 7 is selected as C,; = 0.3 nF, C}, = 0.3 nF,
IByl =18 ],J.A, and IByZ = IBy} = IBy4 =100 MA From these
plant components, the calculation of the PID parameters
using Ziegler-Nichols tuning method [7] yields the
proportional gains of Kp; = 3 and Kpz; = 18.75 kV/A, the
integral time constant of 2.55 ps and the derivative time
constant of 0.48 us. Then, the proposed PID controller
components are chosen as follows: C; = 1 nF, C, = 0.1 nF,
[Bl =162 ]J,A, 132 :IBG =18 ]J.A, 133 =100 MA, [B4 =30 l.lA,
and Izs = 200 pA. The step responses of those closed-loop
systems are tested on 7 pA step input as setpoint. The
results of the systems are shown in Fig. 19 and Fig. 20.

16
'i 14 — Step input
R T B System with PID controller
% —— — System without PID controller
g 10
3
E 8
g 61/
2 :
s 4 o
g 24
i/
0
0 10 20 30 40 50 60

Time (pus)

Fig. 19. Step input and outputs of the system in Fig. 6.

16
< 14 —— Step input
3 nl T System with PID controller
‘E — — — System without PID controller
o
§ 10
g 8
3 6
2 :
§ 4 :}’ By L -
2, ]
g 20

0
0 10 20 30 40 50 60

Time (ps)
Fig. 20. Step input and outputs of the system in Fig. 7.

From those figures, the step response of the system of
Fig. 6 without PID controller (node S and node T are
shorted together) has the steady state error of 3.5 pA and
the overshoot of 4 % and the step response of the system of
Fig. 7 without PID controller (current-to-voltage converter
with gain of 11.2 kV/A is used) has the steady state error
of 2.4 pA and the overshoot of 6.8 % while the step
responses of those systems with the proposed PID control-
ler have the steady state error of 0.04 pA and the overshoot
of 1 %.
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. . Operating
Ref. Components grouqded Extemal Elect?omc Operating Frequency Supply
capacitors resistors tuning mode voltage (V)
range (Hz)
4 CClII+s
4 buffers Not
. . +
(8] 8 resistors No Yes No Voltage specified 12
2 capacitors
+
[9] 3 CClL+s Not Not
h 4 resistors Yes Yes No Current . .
Fig. 2 . specified specified
2 capacitors
3 CClIlI+s
[9] 4 resistors Yes Yes No Voltage Npt N?t
Fig. 3 . specified specified
2 capacitors
1 CCII+
1 DO-CCII+
[‘] 0] (22 MOS’s) Yes Yes No Voltage Nf)t +1.5
Fig. 2 . specified
3 resistors
2 capacitors
1 CCII+
1 DO-CCII+
10] (22 MOS’s) Yes Yes No Current Not £15
Fig. 3 . specified
3 resistors
2 capacitors
1 DO-CCII
1 DO-CCII- Not
[11] (32 MOS’s) Yes Yes No Current . +1
. specified
2 resistors
2 capacitors
4 CDBAs
(80 MOS’s) Not Not
(2] 8 resistors No Yes No Voltage specified specified
2 capacitors
8 CCClIs
(112 BJT’s) 3 Not
[13] 3 resistors Yes Yes Yes Voltage 10-1M specified
2 capacitors
8 OTAs Not
[14] (72 MOS’s) Yes No Yes Voltage . +5.0
. specified
2 capacitors
Proposed 6 Transconductors
PID (24 MOS’s), Yes No Yes Mixed 40 — 40M +0.9
controller 2 capacitors

Tab. 1. Comparison of the proposed

It is obvious that the proposed PID controller can im-
prove the steady state error and the overshoot of the
closed-loop systems. A comparison of the proposed PID
controller and several previous PID controllers is summa-
rized in Tab. 1.

5. Conclusion

In this paper, a circuit configuration for realizing
a mixed-mode PID controller has been presented. The pro-
posed PID controller consists of six transconductors and
only two grounded capacitors without needing any external
passive resistor. It also offers the following features:
mixed-mode operation without changing its topology,
electronic controllability of its parameters, and low sensi-
tivity performance. Since the compensated transconductor
is used, the low-frequency performance of the proposed
PID controller can be improved. The application examples
of the proposed controller as two closed-loop systems are

PID controller with several previous circuits.

included. The results of PSPICE simulation agree well with
the theoretical predictions. The uncompensated and com-
pensated mixed-mode PID controllers have the operating
frequency ranges of 40 Hz to 40 MHz and 6 mHz to
40 MHz, respectively.
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