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Lecture 4 – PID Control  
Continuous Time 

90% (or more) of control loops in industry are PID

• PI
• PD
• PID
• Robustness
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PI control
• First-order system:

• P control + integrator for 
cancelling steady state error 

Example: 
• WDM laser-diode temperature control

• Other applications
• ATE
• EDFA optical amplifiers
• Fiber optic laser modules
• Fiber optic network equipment
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Cascaded loop interpretation: 

PI control
• P Control 
• + Integrator for canceling 

steady state error
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PI control
• Closed-loop dynamics

• Steady state (s = 0):                .  
No steady-state error!

• Transient dynamics: look at the 
characteristic equation

• Disturbance rejection
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Processor thermal control example
• Thermal control

– present in most new generation 
microprocessors: Intel, AMD,… 

• Linear control of fan speed
• Minimize acoustic emission 

and fan power expenditure
• Keep processor cool enough  

• Model
– heat pipe time constant 
– heat exchanger time constant

Picture from Samson et al, 
Intel Technology Journal, February 2005
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Processor thermal control cont’d
• Simplified design model 

– fit step response 
– integrator

• P-control

• I-control 
– Designed as cascaded to P
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Phase Locked Loop (PLL) Example

• Phase-locked loop is arguably a 
most prolific feedback system

PLL
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Loop Filter 
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PLL Model
• Small-signal model:

PLL

VCO
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• Loop dynamics:
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PD control
• 2-nd order dynamics 

• PD control

• Closed-loop dynamics

• Optimal gains (critical damping)

Example: 
• Disk read-write head control
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PD control
• Derivative (rate of e) can be obtained 

– speed sensor (tachometer)
– low-level estimation logic

• Signal differentiation, see Lecture 3
– is noncausal
– amplifies high-frequency noise

• Causal (low-pass filtered) estimate of the derivative

• Modified PD controller, with estimated derivative:
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PD control performance
• The performance seems to be infinitely improving for 

• This was a simple design model, remember?
• Performance is limited by 

– system being different from the model 
• flexible modes, friction, VCM inductance

– sampling in a digital controller
– rate estimation would amplify noise if too aggressive
– actuator saturation
– you might really find after you have tried to push the performance  

• If high performance is really that important, careful 
application of more advanced control approaches might help

∞→== τττ ;;2 2
PD kk
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Plant Type

• Constant gain - I control
• Integrator - P control 
• Integrator+disturbance – PI control
• Double integrator - PD control
• Generic second order dynamics - PID control
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PID Control
• Generalization of P, PI, PD
• Early motivation: control of first 

order processes with deadtime    

Example:
•
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PID Control

• PID: three-term control 

• Rate of change in D-term can come from an independent 
sensor or an estimate (differentiating filter, see Lecture 3) 
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sim

Tuning PID Control
• Trial and error tuning

– Design a PI controller
– Add D term and find a good D gain
– Tinker with P and I gains

• Model-based tuning
• Formulate performance index
• Numerical optimization 

– For given parameters run a sim, 
compute performance parameters 
and a performance index

– Optimize the performance index over 
the three PID gains using grid search 
or Nelder method. 

e
s
kksku I

PD ⎟
⎠
⎞

⎜
⎝
⎛ ++−=

Plant model

Optimizer

IPD kkk ,, Performance



EE392m  - Spring 2005
Gorinevsky

Control Engineering 4-16

Zeigler-Nichols tuning rule

• Explore the plant: 
– set the plant under P control and start increasing the gain till the 

loop oscillates
– note the critical gain kC and oscillation period TC

• Tune the controller:

• Z and N used a Monte Carlo method to develop the rule
• Z-N rule enables tuning if a model and a computer are both 

unavailable, only the controller and the plant are. 

kP kI kD
P 0.5kC

______ ______

PI 0.45kC 1.2kP/TC
______

PID 0.5kC 2kP/TC kPTC/8
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Integrator anti wind-up
• In practice, control authority is 

always limited:  
– uMIN ≤ u(t) ≤ uMAX

• Wind up of the integrator:
– if the integral  v

will keep growing while the control 
is constant. This results in a heavy 
overshoot later

• Anti wind-up:
– switch the integrator off if the 

control has saturated
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Robustness

• Ok, we have a controller that works for a nominal model. 
• Why would it ever would work for real system?

– Will know for sure only when we try - V&V - similar to debugging 
process in software

• Can check that controller works for a range of different 
models and hope that the real system is covered by this range
– This is called robustness analysis, robust design
– Was an implicit part of the classical control design - Nyquist, Bode
– Multivariable robust control - Honeywell: G.Stein, G.Hartmann, ‘81
– Doyle, Zames, Glover - robust control theory 
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Modeling uncertainty
• Modeling uncertainty:

– unknown signals
– model errors

• Controllers work with real systems:
– Signal processing: data → algorithm → data
– Control: algorithms in a loop with a real system
– It can blow up! (and sometimes it does) 

• BIG question: Why controller designed for a model would 
ever work with a real system? 
– Robustness, gain and phase margins, 
– Control design model, vs. control analysis model 
– Monte-Carlo analysis 
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Control loop analysis

• Why control might work if the process differs from the model?
• Key factors

– modeling error (uncertainty) characterization
– time scale (bandwidth) of the control loop 
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Robustness - Small gain theorem
• Nonlinear uncertainty!

• Operator gain

– G can be a nonlinear operator

• L2 norm

• L2 gain of a linear operator 

u(t) G y(t)
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(Open-loop stability assumed)

Desoer and Vidyasagar, Feedback 
Systems: Input-Output Properties, 1975

G.Zames
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Robustness
• Additive uncertainty
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<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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 ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


