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Current-Mirror Based PID Controller

Vratislav Michal 2, Christophe Premont?, Gael Pillonnet' and Nacer Abouchi'

b CPE-Lyon, 43 boulevard du 11 Novembre 1918, Villeurbanne, France
2 ST-Ericsson, 12 rue Jules Horowitz, Grenoble, France

Abstract—in this paper, the architecture of the Proportional-
Integration-Derivative (PID) controller, based on the current-
difference amplifier, is presented. This architecture allows to
integrate the controller, employing only four active MOS
transistors. It also allows obtaining interesting features, such as
the low power-consumption, and high bandwidth, in spite of the
low DC accuracy. In this paper, design equations for the DC
operation point setting, transfer function, and the MOS
transistor sizing are provided. The performances are
demonstrated by a simulation of the circuit designed in 40nm
CMOS, employed to stabilize the feedback-loop of switched
DC/DC buck converter.

1. INTRODUCTION

In the design of continuous-time PID-like controllers,
various structures based on the active elements can be used.
For instance, [1] presents the overview of the voltage mode
(voltage input/output) PID controllers, based on the operation
amplifier, OTA, and CCII. Alternatively, current mode
controllers recently emerged in literature, based e.g. on the
CCII, CDTA or grounded synthetic inductance (see [2 - 4] for
instance). The common factors of merit of a controller are the
power-consumption, frequency bandwidth, offset, and DC
gain.

In this paper, the circuit reaching interesting power
consumption vs. frequency bandwidth trade-off is presented.
The structure is based on the current-difference amplifier
(CDA) which can be implemented by only two simple current
mirrors [2]. The circuit does not require the frequency
compensation, which allows to extend the frequency
bandwidth. This might be advantageous compared to the
operation amplifier based counterparts [1]. On the contrary,
the structure exhibits inherently higher DC offset, due to the
lower current mirrors accuracy (mismatch). On this account,
the controller is intended mainly for devices requiring a high-
quality (fast) regulation, while admitting a DC offset in the
order of tens of milivolts. Developed application concerns the
power-supply chain of the audio and RF power amplifiers.

This article is organized in four parts. In section II, the
concept of controller based on the ideal CDA is presented. In
section III, the AC and DC analyses of the current-mirror
based PID controller are provided. Section IV relates the
transistor sizing to the DC controller gain, and the last section
provides an example of the controller designed in 40nm
CMOS, applied to the switching step-down DC/DC converter.

The work and results reported here were obtained with research funding
from ST-Ericsson and French government research program in
microelectronic and nanotechnologies Nano-2012.

II. BASIC CONCEPT OF THE CONTROLLER

The current-difference amplifier CDA provides the
difference of input currents /; and 7, in such a way that
Iour = F(I; — 1), where F' is usually set to unity. However,
while using the CDA as the voltage-mode PID controller, the
conversion of the input/output voltages to the currents with
appropriate dynamics (PID) is required. This can be obtained
by the circuit shown in Fig. I, where the input (reference) and
feedback currents Irgr and Irg are generated by means of Rrgp
and Z,. The output voltage occurs across the impedance Z,.
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Figure 1. Idealized schematics of the controller.

The values of reference and feedback currents Ixgr and Iyp
in Fig. I controller circuit can be expressed as:

v, vV,
Lppr = - and Iﬂsr:ﬂ (D

REF 1

where Veg refers to the regulated (feedback) voltage. Since
the output current results from the current difference Ixgr —/rp,
the output voltage of the controller can be revealed as:

v, v,
Vour = (IREF_IF )'Zz = (ﬁ_ﬂj'zz (@)
RREF Zl
We can therefore express the condition of steady-state
regulation:

[REF_[FBZO 3)

The manner to design the impedances Z;, Z, then allows to
attain the control regulation condition with the appropriate
dynamics of the controller: PD, PI, PID or derivative filtered
PID, see [1, 3].



III. CURRENT-MIRROR BASED CONTROLLER

The circuit representing the controller based on two-
current mirrors CDA [2] is shown in Fig. 2. Compared to
Fig. 1, the CDA from Fig. 2 has to be considered as non-ideal,
due to the nonzero input impedances 1/g,, and 1/g,, of the
current inputs.

VREF RREF %

I _| gmgml_

IREF
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Figure 2. PID (type-3) controller based on two-current mirrors CDA. In the
following, we consider all transistor W/Ls identicall.

In this idealized schematic, we distinguish two mentioned
current mirrors, reference current source resistance Rygr+ g m
impedance Z; containing R;, C;, g, and impedance Z,
composed of R,, C; and C;. The current sources are designed
in order to provide the zero output current oyt in the steady-
state (3).

A. Transfer Function, Components Values

The transfer function of the PID controller can be
expressed e.g. in the general zero-pole form [1]:

(s/z,+1)(s/z, +1)
s-(s/p +1)(s/p, +1)
where z, refers to the real controller zeros, and p, to the real
pole frequencies (all in rad/s). An alternative type of
controller (PI, PID, and derivative filtered PID) can be

obtained by the appropriate selection of z, and p, (see [1], [3]
for more details).

C(s) = 4)

The small-signal analysis of the circuit shown in Fig. 2
reveals the transfer function Voyt/Veg in the following zero —
pole form:

Vour _ -g, (1+sC,R,)(1+sC, - R)) (5)
Ve s~(1—¢—R1gm)(C2+C3)[1+SR2 GG j(l+v GRy J
C,+C; Rg, +1
where g, is the transconductance of transistor M;:
oy =+ 2KP(W/L)I, (6)

The values of the passive components from Fig. 2 circuit can
be found by solving the set of linear equations obtained by
comparing the coefficients of transfer functions (4) and (5):

R =r R, = KR pp, C3:22(p‘_zl)
2, (pl —Z )(pz _Zz) KR pp, %
CIZL CZZ(Pl_Zl)(pz_Zz) g _bh—a
Z R, KR pp, Z R,

where r; is an arbitrary selected value related to the
impedance level. In this choice of 7|, we focus namely on the:

e value of Jzgr: minimize, in order to reduce the current from
Vrer- Its low value also increase the tracking capability,

e minimization of g, (results from (7) and is related to the
transistor size and power consumption, see Eq. (6))

e realistic value of Cs.

Notice: As for an controller PID based on the OTA [1], the

transfer function Voyr/Vrer differs from (5):

Vour _ 8, (CRys+1) )

vV,
REF S[SRZ Cczcé +1j(C2 +C3)(1+RREFgm)

2+3

The transfer function (8) has to be considered in some
specific regulation schemes, namely when the fast tracking
capabilities are required by the system.

B. DC Transfer Function

The value of Ryer can be found by applying the steady-
state regulation condition Iggr=Irg (3). Due to the non-
constant tracking gain Vgg/Vrer, Rrer 1S to be determined for
each single reference voltage Vygr. In practice, Rrgr can be
found by the iterative DC simulation. In this paragraph, we
point to the complicated, but closely linear relationship
between Rrgr and tracking gain Veg/Vygr. In order to
determine the steady-state currents /rgr and Irg, we refer to
the 1% order quadratic equation of an MOS [2]:

I = (Gs| al) ©)

where I is the drain current, [ =KP-W]L is the transistor gain,
Vry the threshold voltage, and Vggs the gate-to-source voltage.
Condition Irgr = Irg can be then expressed in terms circuits’

components values of Fig. 2:
VREF_VI — VFB_VZ
R R

As the steady-state drain current of M, is I, the nodal
voltages V' and ¥, result from (9):

201, +1
V1: (REF 0)+VTH; Vz: ﬂ"'VTH (11)
| B \ B

and the value of current Izgr results from (11) as:

1 ,21
Lir _RI[VFB - ?0 _VTH}

These equations yield the following value of Rygr:

Rl\/E(VTH _VREF)+\/R1 [VFB _VTH - 2[0+IUR1J
2 s (13)

g(VTH _VFB)+\/Z

From this equation, the nonlinear tracking gain Veg/Vygr can
be evaluated. A curve presenting the example of the tracking
gain of the controller presented in section V'is shown in Fig. 3.

(10)

REF 1

(12)
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Figure 3. Simulated and calculated tracking characteristic and tracking
gain, provided on the design example from section V.

IV. DC GAIN AND TRANSISTOR SIZING

In reality, the ideal infinite gain of the controller Gpc is
reduced by the drain conductances of M, and /, current
sources gy, and gysop- This maximal gain is comparable e.g.
to OTA controller PID, being in order of 40dB. The value of
the controller gain is related to the regulation accuracy of the
closed loop [3] (see section V).

In order to evaluate the value of Gpc, we can build the
small signal scheme of the controller shown in Fig. 4.

» Vour
Vgs Im Vgs gm@ Q Q
Jdso Jdso,P

Figure 4. Simplified small signal model of the controller.

The analysis of the linearised circuit allows to obtain the value
of Gpc as the function of g, and gy,:

G, = WV our _ —&n (14)
Vg (8o + 8o RG, +1)
where  guso = Aolo/(L-Vps) (Ao refers to the channel length

modulation of the output transistors, [2]). The (14) can be
rewritten in terms of the parameters of the transistor (we
neglect the influence of the current source conductance gy, p:

l2kP, W
G, —— L
DC
Aou1 /
O”D(Rl 2KP, K10 +1J
VourL L

This expression can be used to evaluate the trade-off between
Gpe, Loun, and . Example of this dependency is plotted in
Fig. 5 (see also example in section V).
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Figure 5. Impact of I, and transistor channel scaling to DC gain.

From this figure, we notice the impact of the bias current /, on
the Gpc. The lowest value of I, is limited by the required
transistor operating regime (saturation), and also has an
important impact to the maximal frequency bandwidth as well
as the positive slew-rate of the controller.

V. DESIGN EXAMPLE

Performances of the circuit are demonstrated by the
example of design in 40nm CMOS (2.5V). The design aims to
stabilize the feedback loop of the switched-mode step-down
(buck) DC/DC converter. In the 1™ order approximation, the
step-down DC/DC converter can be modeled as the linear
dynamic system, composed of the controller, LC filter, and
constant gain G, shared between PWM modulator and output
stage (see block scheme in [4]). For our design example, we
consider the following parameters of the converter:
L=047pH, C=10uF, Ry = 150mQ, Rgsg=20mQ, G =4 and
we require the operating point Vygr= Vegg= 1V. The process
parameters for the design were obtained by the least-squares
approximation of the transistor I/V characteristics [8] as:
KPy = 134uV/A2, V= 0.542V and Ag,= 32mV-pm’".
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Figure 6. Schematic diagram of the controller using the high-voltage swing
cascade [9] allowing to increase DC gain and voltage dynamic range.
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Figure 7. Ideal and simulated frequency characteristic (CMOS 40nm).

The transfer function of the controller was obtained using
the procedure from [7], requiring peak of the load transient
response of 55mV per ampere ofload current step, and
bandwidth of 20MHz. The transfer function can be expressed
in the pole-zero form (4) as:

1 2.67-10° (S/4.61~105 +1)(s/4.61~105 + 1)
E s(s/2.05~107+l)(5/5.106+1)

C(s)= 16)

which, by using (7) allows to obtain a set of component
values: R; = 197kQ, R, = 128kQ, C,=11pF, C, = 16.9pF,
C;=0.39pF, g, = 50uS. From Fig. 5, we select the transistor
parameters Ip=2pA, and L = 3um, which allows to estimate
the controller gain Gpc =43dB (Vour in (15) =0.65V). The
corresponding transistor width results from (6) as W= 14um
(gm=50uS). The value of Rpgr is computed from (13) as
180.1kQ, and can be adjusted by the accurate DC simulation
(computed voltage Vg is shifted by 9mV). The main circuit
of the controller is shown in Fig. 6. Here, we make use of the
high voltage swing Sooch cascode [9] for reducing the impact
of g4so.p in (14) and obtaining high Voyr dynamics.
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Figure 8. Transient analysis of the buck converter provided by the ideal
(average), and complex (real) switched model of the converter.

The simulated AC characteristic of the controller shown in
Fig. 7 corresponds with reference transfer function (16).
Obtained DC gain 41dB causes the steady-state regulation
error lower than 1mV per ampere of load current. As shown in
Fig. 8, this controller allows to provide the transient response
undershoot of the buck DC/DC converter, which is close to
the required value 55mV/A.

As previously mentioned, the controller exhibits non-
negligible DC offset due to the transistor mismatch. This
effect is demonstrated by the Monte-Carlo simulation of the
output voltage (Vrp) dispersion, shown in Fig. 9. The obtained
dispersion is in order of +30mV and would require a post-
fabrication trimming or the additional circuit calibration.
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Figure 9. Monte-Carlo simulation of the output voltage Vour dispersion.

CONCLUSION

In this paper, PID controller circuit was presented, based
on the current-difference amplifier. It was shown that the
presented circuit allows to obtain interesting frequency range
vs. power consumption trade-off. The detailed design
equations and analysis of the circuit was presented and
demonstrated on the designed circuits, where 20MHz of the
frequency bandwidth was obtained with only 8uA of the
static bias current.

REFERENCES

[11 V. Michal, C. Premont, G. Pillonnet, N. Abouchi, “Single-active
element PIC controller”, 20" IEEE conference Radioelektronika 2010,
Brno - Czech Republic.

[2] J.B. Baker, “CMOS Circuit Design, Layout, and Simulation, Wiley-
IEEE Press 1997.

[3] A. Dwyer, “Handbook of PI and PID controller tuning rules”. Book,
Imperial College Press, 2006.

[4] V. Michal et al. “Zero-derivative method of analog controller design
applied to step-down DC-DC converters”. IEEE ISCAS, Paris 2010.

[5] S. Minaei, E. Yuce, S. Tokat, O. Cicekoglu, “Simple realization of
current-mode and voltage mode PID, PI and PD controllers”.
Proceeding IEEE of ISIE, 2005.

[6] A. U. Kesin, “Design of a PID controller circuit employing CDBAs”,
Int. J. of Electrical Engineering Education, Vol. 43. No. 1 (2006).

[7]1 V. Michal, “Arbitrarily overshoot method of the controller design for
the switched step-down DC/DC converters”, paper in preparation.

[8] V. Michal, Ph.D. Thesis, available at http://tel.archives-ouvertes.fr/
[91 N.S. Sooch, "MOS Cascode Current Mirror". U.S. Patent No 4550284.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


