
Nothing Is Instantaneous  
As Engineering Systems Become More Complex, Understanding Time Delays Is Essential    

 
We experience it every morning as we struggle to find the right water temperature in the shower.  
Time delays are everywhere!  They arise in engineering, biology, physics, economics, and the 
environment.  As engineering systems become more complex, multiple sensors, actuators, and 
controllers introduce multiple delays, particularly in interconnected and distributed systems.  In a 
dynamical system, changes cannot be effected instantaneously, and so an otherwise correct 
control decision applied at the wrong time could result in catastrophe.  From our first exposure to 
feedback control systems, we are taught to always conserve phase.  What is the relationship 
between time delay and phase?  How are they related to the stability of a feedback control 
system?  Does time delay always degrade the performance of a feedback control system? 
 
Time delays arise in control systems from delays in the process itself (represented by time 
constants τ and natural frequencies ωn in transfer functions), from delays in the processing of 
sensed signals, and from delays in the implementation of a digital control system as a result of 
sample-and-hold, calculation, and velocity estimation, where the total time delay can be between 
one and two times the sample period. 
 
The input-output time delay shifts the 
signal in time and is shown in the 
figure.  The frequency response of a 
time delay is exact with a magnitude 
of one and a phase angle that 
decreases linearly with frequency.   A 
greater time delay corresponds to a 
more rapid increase of phase lag with 
frequency.    
 
Why does time delay, and 
correspondingly phase lag, most 
always cause a system to go unstable?   
Physically, an imbalance between the 
strength of the corrective action and 
the system dynamic lags results in the 
corrective action being applied in the 
wrong direction.  Mathematically, when the denominator of the closed-loop transfer function 
equals zero, the system goes unstable.  Since this denominator is equal to 1 + the open-loop 
transfer function, when the open loop-transfer function equals -1, i.e., magnitude = 1 and phase 
angle =   -180°, the closed-loop system is marginally stable.   
 
If a system is stable, how close is it to becoming unstable?  Because of model uncertainties, it is 
not merely sufficient for a system to be stable, but rather it must have adequate stability margins. 
Stable systems with low stability margins work only on paper.  The way uncertainty has been 
quantified in classical control is to assume that either gain changes or phase changes occur.  The 
tolerances of gain or phase uncertainty are the gain margin and phase margin. 



 
So, even a simple integrator with a time delay in a negative feedback loop can lead to instability 
when the gain is too large.  Consider controlling the liquid level in a tank.  The input flow rate is 
controlled and the control signal is proportional, k, to the error in the tank level with respect to a 
given reference.  The loop gain is k/ω and the total phase shift is –(ω + π/2).  The loop gain must 
be less than 1 at ω = π/2, so k is limited to be less than π/2 for a stable response. 
 
Time delays in a control system are usually considered to degrade system performance.  This is 
true when stability margins, gain and phase margins, of the control system are taken as the 
performance criteria.  However, when tracking error is considered as the performance criterion, 
consistent time delays in the feedback path can actually reduce the steady-state tracking error of 
a control system to polynomial reference inputs. 
 
In traffic-flow models, drivers’ delayed reactions must be considered, and, in supply-chain 
systems, sources of delay include decision making, transportation-line delivery, and 
manufacturing facility lead times.  Delays arise in chemical process control, in milling processes 
due to control tool flexibility, in human physiology, and in population dynamics.  A paradox is 
that the presence of delays may be either beneficial or detrimental to the operation of a 
dynamical system.  Judicious introduction of a delay may stabilize an otherwise unstable system, 
e.g., a wait-and act control strategy. 
 
The impact of delays continues to grow in many fields, including the control of distributed 
systems such as energy and computing grids.  For a thorough review see the IEEE Control 
Systems Magazine, February 2011, Volume 31, Number 1: Stability and Stabilization of Systems 
with Time Delay.  
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