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This article presents a configurable constant current LED driver with DSP digital control. A novel, 

cost-effective high-side current sensing circuit provides feedback signal, proportional to the average 

LED current. A fast PID controller is implemented on a microcontroller with DSP core. The PID 

controller drives a fully integrated half-bridge IC in a synchronous step-down configuration. A 

prototype PCB has been designed and thoroughly investigated. The PID parameters have been adjusted 

according to the Takahashi PID tuning method. The performance of the tuned LED controller has been 

evaluated in terms of stability, steady-state precision, transient response and efficiency.  
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Introduction  

The automotive power LED light applications – e.g. 
high and low beam, fog lights, positioning light, tail 
lights, brake lights - are gaining momentum due to their 
undisputed advantages – long life expectation, high 
efficiency, compact solid state construction and elegant 
design. 

A properly designed LED driver acts as a constant 
current source which raises its output voltage until the 
desired LED current target is met and maintains 
regulation, compensating for possible LED forward 
voltage fluctuations by engaging a fast current 
regulation loop. 

The closed loop control is commonly based on the 
proportional-integral-derivative (PID) control law. In 
purely analog LED controllers, the P, I and D terms are 
adjusted by resistors and capacitors, placed properly in 
the feedback of the error amplifier in order to define 
poles and zeroes and shape the closed loop transfer 
function in the desired manner. Examples include the 
integrated LED drivers TL5098 by Infineon [1], 

LT3755 by Linear Technology [2], MAX16833 by 
Maxim [3]. These ICs feature a transconductance 
amplifier in the feedback loop. The output of this 
amplifier acts as a current source, the RC compensation 
network can thus be placed between output and ground. 

The analog solutions do not allow for flexible 
feedback loop shaping due to the need for component 
value modifications. The discrete component values do 
not allow for exact definition of the PID-coefficient, 
thus an iterative approach is required. The aging and 
the tolerances of the power plant components cannot be 
compensated for. 

With the advance of the digital signal processing, 
discrete PID control algorithms have been 
implemented on a fast digital core [4]. The advantages 
of the digital solutions include the easy loop response 
tuning, the adaptive control algorithms depending on 
actual operation point (e.g. using individual PID 
coefficient sets for start-up with minimum overshoot, 
steady state with precise set-point regulation, fast load 
step and transient response, shut-down with no 
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oscillations), the auto tuning ability, which enables 
automatic compensation for aging components.  

Goals and tasks  

The objective of the present paper is the design, 
analysis and experimental verification of a precise, 
highly integrated, digitally controlled LED driver for 
automotive applications. Special attention is given to 
the PID coefficient tuning procedure, the transient- and 
stability analysis.  

The advantages of the proposed solution include: 
- a novel, cost-effective and precise high - side 

current measurement circuit, thoroughly described in 
[5], used for LED average current sensing and closing 
the feedback loop; 

- a simple and fast discrete PID algorithm with 
integral anti-windup, which enables the use of low-cost 
microcontrollers; 

- the use of highly integrated power driver stage 
DRV8412 which allows for high switching frequency, 
low switching losses, simple single-ended PWM 
control for a half-bridge, on-chip LED overcurrent 
protection and diagnostics; 

Design goals are output power of 30W, LED current 
0.2A…1A, supply voltage <50V, steady state error of 
<5%, phase margin >45%, transient response <50µs, 
overshoot <10%, efficiency >86%. 

Presentation  

A synchronous step-down converter topology has 
been selected for the LED controller, due to the 
following considerations: 

-  regulated 42…45V link voltage (which is also the 
input voltage for the LED driver presented here) is 
already available in the conceptual LED control 
module by employing a multi-phase boost converter; 

- the high LED current needed in front lighting 
application, but also the lightweight construction of 
modern cars, demand for high efficiency and low 
weight, which implies a low-loss synchronous 
rectification for the power converters. 

PID controller basics 

The proportional-integral-differential (PID) 
controller has been well established and investigated 
for decades and is widely used in the electrical 
engineering. It combines a robust control theory 
fundament with the somehow intuitive tuning approach 
[6]. The sum of three corrective terms - proportional, 
integral and differential - determines the  
output of the controller:  

P-term – the proportional response determines the 
magnitude of the output response as a function of the 

error. Higher proportional gains increase the speed of 
the control system, but also produce overshoots and – 
eventually - control loop oscillations which may even 
destroy the control system; 

I-term – the integral term sums up the errors over 
time. It stores the error information from the past - the 
magnitude of the integral increases even with small 
deviations from the set point. The PID controller needs 
this information in order to drive the steady state error 
to zero. Setting the integral term too high slows down 
the response of the control loop; 

D-term – the differential term is proportional to the 
rate of change of the output. It will force the system to 
react faster to changes in the error signal and increase 
the response speed of the system. Care must be taken 
when using the derivative term since it is highly 
sensitive to noise. 

Depending on the control system demands, partial 
variations of the full-featured PID controller are also 
possible, e.g.: PD controllers are used for power plants 
with integrator behavior (motors, heating elements); PI 
controllers are used for cost efficient regulation where 
no tight control or fast transient response is required. 

The LED automotive driver presented in this work 
has to comply with rigorous transient test pulses 
specified in standardized automotive regulations 
(superimposed sinus sweeps, inductive transient 
spikes, load-dump, jump start pulses) and also maintain 
tight LED current regulation of typically +/-5% over 
automotive temperature and battery supply range. 
Therefore a full-featured, fast and precise PID 
controller has to be designed. 

PID controller design 

As a starting point, the actual error, i.e. the 
difference between the desired set-point and the actual 
value of the control variable, has to be determined. For 
the LED driver presented in Figure 1, the error signal 
is the difference between the targeted LED current setI  

and the actual LED current outI . Since the PID 

controller samples the output voltage of the high-side 
current monitor (t)Vsense , which is directly proportional 

to the LED current, as stated in [5], a virtual reference 

setV , proportional to the setpoint current setI  is fed into 

the PID controller: 

 (1) outsensesetset I  V ,I   V ∝∝ , 

 
The error signal then becomes: 
 

(2) (t)V-V=e(t) senseset , 
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Considering the fact, that the output variable of our 
LED controller is represented by the duty cycle of the 
buck FET, the PID control law in the time domain can 
be expressed by the following equation: 
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In alternative notation, related to the time constants of 
the integral and differential blocks: 
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where  pK is proportional gain, KI is the integral gain, 

KD  is the derivative gain, TI is the integral time 
constant, TD  is the derivative time constant, τ is an 
integration variable. 

For a digital PID controller implementation the 
equation (4) has to be transformed in the discrete time 
domain using the forward (rectangular) Euler 
integration method [7]: 
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where n  is the discrete time sampling instant, ST  is the 

sampling time. 

In equation (5), the products 
I
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well as pK  are constants (provided the sampling 

intervals are also constant) and shall be tuned properly 
for fast response and stability.  

Care must be taken to limit the output variable (the 
duty cycle of the power FETs) to safe value and also 
prevent a potential runaway of the integral error sum by 
implementing an “anti-windup” limit check. 

A detailed signal flow diagram of the proposed 
digital PID controller, including integral anti-windup, 
is depicted on Figure 2, whereas v_set denotes the LED 
current setpoint, v_sense[n] is the discretized LED 
current monitor signal, e[n] is the discrete error signal, 
ε is the dead-band region, d[n] stands for the updated 
duty cycle after the PID-controller execution. 

 

PID controller tuning 

The purely analytical P, I, D coefficient calculation 
of the digital controller requires a thorough knowledge 
of the power plant and regulation loop characteristics, 
which is often unavailable. 

Therefore, PID control tuning procedures based on 
experiments and simplified calculations have been 
developed, e.g. by Ziegler-Nichols (ZN) [8], Takahashi 
[9] and others [10]. These methods rely partially on 
experiments with the closed loop system, in which the 
control output is brought to oscillations by setting the 
integral and derivative term to zero and increasing 
slowly the proportional gain only until instability 

 
Fig. 1. Schematic of the proposed digital PID-controller for LED applications. 
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occur. Obviously, these methods are only applicable 
for control systems where the oscillations do not 
overstress or damage the control loop- and power plant 
components. 

The Ziegler-Nichols tuning method results in a 
rather aggressive gain and overshoot prediction and   
also requires knowledge of the oscillation frequency, 
whereas the Takahashi method only requires the 
knowledge of the minimum gain, OSCK , at which the 

oscillation starts.  
For the purposes of this paper we will use the 

Takahashi PID tuning method due to the moderate 
stress it poses on the control system.  

 For discrete PID controller, [11] states that the 
sampling time ST  of the control process shall comply 

with the condition 

(6) 
155

T
T

settling

S
÷

≈ , 

where settlingT  represents the settling time of the output 

within 95% of its nominal value. settlingT  has been 

measured to be approximately 50µsec, the switching 
frequency of the buck converter is set in the range 
210kHz … 250kHz.  

A sampling time of 4µsec allows the FET duty cycle to 
be updated in the next switching cycle. Setting ST  to 

4µsec fulfils condition (6) well. A longer sampling time 
will degrade the phase margin (thus the stability) of the 
system. 

According to [9], for known OSCK  and ST  the 

PID-coefficients can be calculated in following manner 
(Table 1).  

To determine the critical PK  gain, the buck output  

is brought to oscillations by observing the converter 
output voltage with an oscilloscope, setting the integral 
and derivative term to zero and slowly increasing the 
proportional gain until output voltage instability 
occurs. The experimentally determined minimum gain 

OSCK  at which the oscillations on output of the PID 

controller occur, is  

(7) 041.1=OSCK . 

The initial coefficients for the digital PID controller 
have been calculated according to the equations in 
Table 1, considering the sampling time sTS µ= 4 and 

the measured value for OSCK : 

(8) 015.0,250.0,499.0 ==≈
S

D

I

S
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T

T
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Fig.2. Block diagram of the digital PID controller with anti-windup algorithm. 

Table 1 
Experimental tuning with stability limit experiments. Takahashi [9] 

Controller Type 
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For a discrete PID controller, [12] states that the 
integral time IT  shall be 

 

(9) 
3.0÷

≈
0.1

T
T S

I
 

 
This requirement is easily met by the values 

calculated in (8).  

Digital PID controller software implementation 

The digital implementation of the PID controller 
based on equation (5) is straight forward once the P, I, 
D coefficients have been determined in (8).  

Following C-code excerpt outlines the software 
implementation of the PID algorithm:  

 
//define a dead-band for the error  
#define epsilon 0.01 
//anti wind-up for the integral sum 
#define I_MAX 1000  
#define I_MIN -1000 
//limit the output duty cycle  
#define D_MAX 95  
#define D_MIN 0 
 
#define Kp 0.499  
#define Kd 0.25  
#define Ki 0.015 
 
floatPIDcal(float v_set, float v_sense)  
{  

static float pre_error = 0;  
static float integral = 0;  
float error;  
float derivative;  
float dutycycle;  
//calculate the error 
error = v_set – v_sense;  
//stop integration if error smaller than epsilon 
if (abs(error) > epsilon) {integral = integral + error;}  
//anti-wind-up fort the integral sum 
if (integral > I_MAX) {integral = I_MAX}; 
else if (integral < I_MIN) {integral = I_MIN}; 
//calculate the derivative term 
derivative = (error - pre_error);  
//caculate PID output, duty cycle for the buck controller 
dutycycle = Kp*error+ Ki*integral+ Kd*derivative;  
//prevent output saturation  
if (dutycycle > MAX) {dutycycle = MAX;}  
else if (dutycycle < MIN) {dutycycle = MIN;}  
//update error sum  
pre_error = error;  
return dutycycle;  

} 

Experimental investigations  

Based on the theoretical analysis of the discrete PID 
controller and the software structure considered in the 
previous chapters, a practical implementation and 

further investigation with focus on transient and 
stability performance promises good results. 

Prototype PCB  

A prototype printed circuit board has been designed 
and assembled according the schematic in Figure 1. 
Care has been taken to keep the loop area small in the 
discontinuous current paths in order to minimize the 
EMI and prevent noise coupling issues. 
 

 
Fig.3. Prototype PCB, top view. 

Buck converter components 

For the investigation purposes of this paper the 
DRV8412 integrated circuit by Texas Instruments has 
been used for the buck switch and synchronous recti-
fication. DRV8412 is a highly sophisticated, fully 
featured fast half-bridge driver, containing all the 
needed function blocks, including control logic, diag-
nostics, protection circuitry and power MOSFETs on a 
single chip with large exposed thermal pad [13]. 

The logic inputs of DRV8412 are TTL- and 3.3V-
compatible and can be driven directly by a low-voltage 
microcontroller without the use of level shifters. Four 
PWM inputs accept PWM frequency of up to 500kHz, 
making this driver very well suited for DC/DC 
converter experiments with high switching frequencies. 
Moreover, a built-in dead-time timer prevents the high- 
and low side FETs from shout-through pulses. Four 
completely independent and fully featured half-bridge 
power stages are accommodated on a single chip. 

The microcontroller used is a dsPIC33F derivative 
by Microchip. It has following important feature set: 

• DSP core with 120Mhz clock; 2Msps 10-bit 
ADC; four high-speed, high resolution (up to 
1.04ns) PWM generators with dead-time;  

• Adjustable overcurrent protection for each 
PWM channel. 

Fault condition behavior 

An adjustable, fast over-current protection for the 
integrated FETs is also available on chip in DRV8412. 
This is a very important, system safety related feature. 
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In case of LED output short to ground or LED over-
current condition the inductor current will rise above 
the set overcurrent limit. Then, the built-in overcurrent 
protection of DRV8412 instantly shuts down both 
outputs and sets its diagnostic output pin to low in order 
to signal a fault condition to the microcontroller. The 
µC can be programmed to employ a hiccup protection 
mode, trying to restart the buck for certain number of 
cycles and eventually shutting down DRV8412, if the 
overload condition still persists. In this application, the 
overcurrent threshold is set to approx. 3.5A. 

Steady state operation  

In steady state operation (Figure 4) the average LED 
current is regulated to 1000mA. A measurement 
indicates a negligible -0.2% error (red trace), thus 
confirming the properly chosen gain and integral coef-
ficients. The execution time of the PID software, in-
cluding the ADC sampling time and the threefold 
multiplication routines is 1.13µsec (yellow trace) – an 
indication that the PID control routines can be easily 
executed within one switching cycle of the buck con-
verter for high regulation speed and stability. The FET 
switching frequency has been initially set to 217kHz 
(green trace). 

 

 
Fig.4. Steady state operation of the LED driver (red – LED 

current, yellow – PID controller execution time, green – 

PID controller output PWM). 

Dynamic characteristics  

The load step response of the LED controller is an 
important measure of its quality. The light intensity of 
the LEDs is usually controlled by applying a dimming 
PWM, typically in the frequency range 200Hz…2kHz. 
PWM resolution of 10 bits and more is often required.  

The pulse response of the LED driver must therefore 
be fast enough to meet the minimum pulse width 
requirements which result from the PWM period di-
vided by the number of steps for the corresponding 
PWM resolution.  

The overshoot of the LED current during load tran-
sients is also an important issue, related to the maxi-
mum current limitations of modern high power LEDs. 
Due to the small thermal mass of the LED junction 
structures, even overshoots of short duration can in-
crease the LED junction temperature above the ac-
ceptable limits.  

The initially calculated parameter set in (8) results 
in a fast rise time of approx. 20µsec but also in under-
damped control behavior with 19% LED current over-
shoot above the set-point. This might be an issue in the 
real-life application, since the LEDs allow for certain, 
relatively small current overshoot, typically in the 

range of 20-30%. A slight increase of DK    from 

0.015 to 0.022 reduces the overshoot to acceptable 4% 
(Figure 5). 
 
 
 

 

 

 
Fig.5. LED current overshoot tuning (red - LED current). 

Figure 5 also indicates the physical limitations of 
the reaction speed of the control system, posed by the 
natural time constant of the buck stage LC-tank: 
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(10) sFHLC µ≈µµ==τ 207,4.90  

It becomes evident that the rising and falling edges 
of the LED current cannot be shorter than 20µs if the 
energy in the inductor and the capacitor is fully de-
pleted in the off phase. In cases where faster response 
times are required, e.g. in high-resolution dimming 
applications, an additional FET connected in parallel to 
the LEDs can provide very steep rising and falling 
times of couple of micro- or even nanoseconds [14]. 

Stability 

The stability criteria for a closed loop control sys-
tem are well established in the control theory [15], [16]. 
Design target is usually a phase margin close to 45°. By 

definition, the phase margin is the difference between 
the actual phase (i.e. as depicted in the Bode diagram) 
and -180° at the frequency, where the gain of the closed 
loop becomes unitary (or 0dB). This frequency 
determines the bandwidth of the closed control loop. 
The physical explanation of this requirement is that at 
the point where the gain of the negative feedback 
becomes one and noises or distortions cannot be 
suppressed anymore there still shall be enough phase 
margin to prevent a rapid phase shift to -180°. Is this 
condition does not hold true, the system might become 
instable and even start oscillating. A quick and efficient 
approach to investigate the stability of the closed loop 
controller without the use of an expensive network 
analyzer is to look at the load step response of the 
converter. For a buck converter, a relation between the 

      

Fig. 6. Relation between transient response and phase margin according to Basso [17]. 

  

Fig.7. Closed loop stability measurement setup with vector network analyzer (VNA). 
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damping factor Q, the pulse shape and the phase margin 
can be derived [17]. A comparison of the measured 
LED current shape during a load step of the PID 
controller, tuned according to Table 1, to the diagram 
depicted in [17], predicts a phase margin of slightly 
more than 36°. This value will be compared to the 
phase margin measured with a vector network analyzer 
(Figure 6).  

The classic stability investigation is based on the 
Bode plot of the closed loop transfer characteristic 
(gain and phase).  A vector network analyzer (VNA) 
injects small-signal (mostly in the mV-range) sinus 
perturbations into a high impedance node of the feed-
back network. The excitations travel all the way along 
the feedback loop, two VNA measurement ports re-
ceive the incident and the reflecting wave, a DSP en-
gine performs fast FFT and calculates the gain und 
phase of the closed loop response of the device-under-
test (DUT).  

For the experiments in this paper an Omicron Bode 
100 VNA [18] has been used in following configura-
tion (Figure 7). 

The Bode plot of the tuned PID controller indicates 
a good phase margin of 40° at 4.5kHz crossover fre-
quency (Figure 8).  

The measured phase margin of 40° complies very 
well with the predicted value of slightly more than 36° 
according to [13]. Further improvement of the phase 
margin is possible on the expense of reduced controller 
bandwidth. 

Efficiency 

Efficiency measurements for different LED string 
lengths and currents are summarized in Table 2. The 
The LEDs are mounted on a large heatsink und cooled 
by pressurized air, the supply voltage of the buck con-
verter is held constant at 45V level. Efficiency meas-
urements are carried out with various number of LEDs 
and LED currents (Table 2). 

Table 2.  
Buck Converter Efficiency 

Buck Converter Efficiency [%] 

# of LEDs LED current [mA] 

 200 500 1000 

4 89.1 92.4 91.4 

5 90.9 93.3 92.9 

6 91.6 94.6 93.4 

7 92.2 95.7 94.1 

  

Fig.8. Bode plot of the tuned LED driver. 
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The graphical representation of the efficiency 
numbers is shown on Figure 9. 

 

Fig.9. Efficiency plot of the tuned LED driver. 

Conclusion  

The digital LED driver presented in this paper 
performs excellently “straight of the box”. It meets 
easily most of the design goals, stated at the beginning 
of this work: the steady state error is negligible, the 
impulse response is fast and the stability of the control 
system nearly meets the design target.  

Further work can expand the performance of the 
system in following aspects: 

- improvement of the phase margin by reducing the 
gain of the closed loop by 3…4dB. Doing so will push 
the phase margin to app. 55° and meet our design 
target, on the expense of reduced bandwidth of the 
controller down to approx. 4kHz; 

- design of an adaptive PID controller with multiple 
parameter sets for start-up, shutdown and steady state. 
Then, the comprehensive PID algorithm only engages 
during start-up phase to obtain a fast transient response. 
In the steady-state operation, a PI controller without D-
term reduces the jitter of the duty cycle and improves 
stability and noise suppression; 
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